



































THE ANAEROBIC ASSIMILATION OF GLUCOSE 
BY YEAST CELLS 
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(Received for publication, September 8, 1947) 


For many years it was generally assumed that yeast cells could convert 
sugars into cellular polysaccharides only in the presence of molecular 
oxygen. This assumption was based on the fact that sugar is converted 
quantitatively into fermentation products by yeast cells under strictly 
anaerobic conditions if the reaction is allowed to continue for an extended 
length of time. In industrial fermentations, Joslyn (1) has pointed out 
that 95 per cent of the sugar present is converted to carbon dioxide and 
alcohol, while the remaining 5 per cent can be accounted for by other 
products such as glycerol, fusel oil, succinic acid, and lactic acid. Kluyver 
(2) showed that glucose can be determined with a fair degree of accuracy 
by measuring the amount of carbon dioxide produced when a small amount 
of sugar is fermented by a relatively large quantity of yeast. Evidence 
has accumulated, however, showing that assimilation actually does occur 
during fermentation and that the quantitative results noted above may be 
due to the utilization of the stored carbohydrate after the exhaustion of 
the sugar. 

Winzler and Baumberger (3) showed that the heat produced during the 
fermentation of glucose by a strain of bakers’ yeast was only 63.2 per cent 
of the theoretical value, although the glucose had completely disappeared. 
From this they concluded that 29.5 per cent of the sugar was assimilated 
and 70.5 per cent was fermented. Van Niel and Anderson (4) found that 
only 70 per cent of the theoretical amount of carbon dioxide had been pro- 
duced when the glucose had completely disappeared. They also showed 
that much of the remaining 30 per cent could be accounted for by an in- 
creased dry weight of the cells. Stier (5) came to the surprising conclusion 
that a larger fraction of the added glucose was assimilated under anaerobic 
than under aerobic conditions, since the total hydrolyzable polysaccharide 
content of the cells increased to a slightly greater extent in the absence of 
oxygen. Assimilation also occurs during the fermentation brought about 
by brewers’ yeast, since Meyerhof and Schulz (6) found that only 74 per 
cent of the theoretical amount of carbon dioxide was produced, while the 

» total carbon content of the cells increased to an extent equivalent to the 
K ) Assimilation of about 18 per cent of the added sugar. 
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2 GLUCOSE ASSIMILATION BY YEAST 


The purpose of this paper is to describe experiments in which the carbon 
dioxide production, the total polysaccharide content, and the glucose con- 
centration were measured at intervals during the anaerobic fermentation of 
glucose by a suspension of Saccharomyces cerevisiae, thereby giving the 
relationships between the amount of glucose consumed, fermented,! and 
assimilated during the entire course of the fermentations. 


EXPERIMENTAL 
Methods 


Fresh Fleischmann’s bakers’ yeast (Saccharomyces cerevisiae) was washed 
three times and suspended in a 0.1 mM NaHsPO, solution. The fermenta- 
tions were carried out in a liter Erlenmeyer flask with 500 ml. of the yeast 
suspension. The flask was in a water bath and the suspension was very 
rapidly stirred by a large glass-covered, motor-driven, magnetic stirrer 
for the duration of the experiments. ‘The flask had two outlets, one below 
the surface of the suspension for removing samples and the other above the 
surface of the suspension. The latter outlet was connected to a 2-way 
stop-cock, one branch of which led to a gas burette for measuring the carbon 
dioxide production, while the other branch led to a gas burette filled with 
nitrogen for replacing the samples that were removed. Before adding 
glucose, the atmosphere was displaced by nitrogen and the system was 
allowed to come to equilibrium. After the glucose was added, the carbon 
dioxide production was measured in the gas burette, care being taken that 
the system was at atmospheric pressure at all times. The temperature of the 
water bath, the temperature of the gas burette, and the atmospheric pres- 
sure were also recorded. It was assumed that equilibrium was maintained 
between the gaseous and dissolved.carbon dioxide. Thus the total carbon 
dioxide production was taken as the sum of the observed burette reading 
and the calculated carbon dioxide in solution. Since the suspension me- 
dium was acidic, any variance in the carbon dioxide retention was reduced 
to a minimum. 

Samples of the suspension were withdrawn at intervals during the fer- 
mentations and appropriate corrections were made for the resulting changes 
of volume. The following determinations were made on the samples: (| 
the reducing value of the cell suspension ; (2) the reducing value of the super 


1 Assuming equal molar concentrations of carbon dioxide and cthanol throughout 
the fermentations, the carbon dioxide determination becomes a measure of the for 
mation of both products. This assumption seems justifiable, since it was found that 
little or no acetaldehyde accumulates during the fermentations, all the acetaldehyde 
formed by the decarboxylation of pyruvie acid being converted to ethanol. Also 
other investigators (4,6) found that equal molar quantities were formed in their fer 
mentation studies. 
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natant fluid after centrifugation; (3) the reducing value of the cells after 
hydrolyzing for 2 hours at 100° with 1 n HCl and neutralizing with NaOH. 

It can be seen that determination (2) = glucose concentration; (1—2) = 
reducing substances in the cells; (3—(1—2)) = “total hydrolyzable poly- 
saccharides.’’? 

All of the reducing values were determined as glucose by the Shaffer (8) 
ferricyanide electrode method. The effect of the electrolyte differences in 
the samples was overcome by using corresponding concentrations of elec- 
trolytes in the reference electrode. 
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Fic. 1. The anaerobic fermentation of 500 mg. of anhydrous glucose by a fresh 
suspension of bakers’ yeast. The suspension contained 2.5 gm. (wet weight) of yeast 
made up to 500 ml. with 0.1 mM NaH.PO, solution. @, glucose concentration, mg. per 
ml.; O, glucose fermented to carbon dioxide and ethanol, mg. per ml.; X, total hydro- 
lyzable polysaccharide content of the yeast cells as glucose, mg. per ml.; the dotted 
curve represents the intermediary products, estimated by difference. 


A stained preparation of the suspenison was examined at the conclusion 
of each experiment. No gross bacterial contamination was ever found. 


Results 


The results obtained by the fermentation of 500 mg. of anhydrous p- 
glucose with a freshly prepared yeast suspension are shown in Fig. 1. 


2 It should be noted that the values obtained for the ‘‘total hydrolyzable poly- 
saccharide” by this method do not actually represent the total polysaccharides of the 
cells, since there is an insoluble carbohydrate fraction which is not hydrolyzed by 
hot hydrochloric acid (7), and ferricyanide is reduced to some extent by other sub- 
stances present besides the sugars. However, if we assume that these factors remain 
constant during the fermentation, the increase in the ‘“‘total hydrolyzable poly- 
saccharide” should give a good approximation of the carbohydrate assimilated. 











4 GLUCOSE ASSIMILATION BY YEAST 


For convenience, the products are plotted on the basis of their glucose equiv- 
alence; 7.e., the glucose utilized in their formation. The glucose consump- 
tion curve shows that the sugar had completely disappeared after 180 min- 
utes. At that time 0.72 of a glucose equivalent had been converted into 
carbon dioxide and ethanol, and the hydrolyzable polysaccharide con- 
tent of the cells had increased from 0.51 to 0.71 of a glucose equivalent, while 
1.00 equivalent of glucose had been utilized. Therefore, 72 per cent of 
the sugar was fermented to carbon dioxide and ethanol, 20 per cent was 
assimilated, and 8 per cent formed other products (probably glycerol, suc- 
cinic acid, etc.). Results of similar experiments are shown in Table I. 
The extent of fermentation found by the method used in these experiments 


TABLE I 


Anaerobic Fermentation and Assimilation of Glucose by Commercial Strain of Bakers’ 
Yeast 





Fate of added sugar 





Experiment No. 





aa ‘ ; 

Catfedand” — | poonccirides | -—- Other products 
per cent | per cent | per cent 

1 | 72 | 20 | 8 

2 69 20 11 

3 71 21 | 8 

4 69 24 7 

. 70.5 

t 68.9-72.3 


* Calorimetric determination by Winzler and Baumberger (3). 
+ Warburg determinations by Van Niel and Anderson (4). 





is in excellent agreement with the results obtained by other methods (see 
Table I). 

From the typical experiment shown in Fig. 1, it can be seen that during 
the earlier period of the fermentation the glucose was being utilized at a 
faster rate than the products were appearing, while in the later period the 
reverse was occurring. In other words the fractions we analyzed failed to 
account for all of the glucose used by the cells and therefore some of the 
glucose must be considered to be in an unanalyzed form. This unanalyzed 
form is called an intermediate in the rest of the discussion. In order to 
account for the rapid initial decrease in glucose we assume an initially high 


3 A correction was made for a small residue of reducing material remaining in the 
supernatant fluid at the conclusion of the fermentations. This material was not 
glucose or accumulated aldehydes, but was made up of other substance exuded from 
the cells. Yeast cells were unable to ferment any part of this reducing material, even 
after it had been concentrated 50 times by evaporation. 
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rate of conversion to intermediates, and similarly the later more complete 
accountability of the sugar in our analyses we ascribe to a diminution in the 
quantity of intermediates. The course of the accumulation of intermediary 
products can be seen in Fig. 1, the dotted curve representing the glucose 
that had disappeared but was not accounted for by the formation of the two 
main fermentation products or by assimilation. It can be seen that as 
much as 40 per cent of the added sugar appeared in this curve at one stage 
of the fermentation. 

The heat production during fermentation as measured by the micro calo- 
rimeter of this laboratory (3) is shown in Fig. 2. Since the heat production 
curve shows an induction period entirely similar to the carbon dioxide pro- 
duction curve (Fig. 1), it is apparent that little or no heat is liberated in the 
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Fig. 2. The heat production during the anaerobic fermentation of 25 mg. of anhy- 

drous glucose by a fresh yeast suspension. The suspension contained 0.30 gm. (wet 

weight) of yeast, obtained from a 24 hour pure culture of Saccharomyces cerevisiae, 
race FF-17, washed and made up to 20 ml. with phosphate buffer (pH 6.8). 


formation of the intermediary products during the rapid initial disappear- 
ance of glucose. No conclusion can be drawn as to the steps involved in the 
formation of intermediary products from the calorimetric data at hand, 
however, since the conversion of acetaldehyde to ethanol (the last step in 
the fermentation) is the exothermic reaction largely responsible for the heat 
produced. 

It should be noted that one cannot account for the very large accumu- 
lation of intermediary products noted above on the basis of fructose-1 ,6- 
diphosphate alone, since Macfarlane (9) has shown by analysis that the 
extent of the accumulation of this intermediate is relatively small and be- 
cause much of the hexose diphosphate would not appear in the “intermedi- 
ary fraction” in the present investigation since it is easily hydrolyzed to 
fructose-6-phosphate, a sugar derivative having a high reducing value. 
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Several experiments were carried out with yeast cells that had been 
starved by continuous aeration for 6 days. In the typical experiment 
shown in Fig. 3, it can be seen that 21 per cent of the added glucose was 
assimilated, thus agreeing with the extent of assimilation in normal yeast 
cells. The only noteworthy difference from the normal yeast suspension is 
that the induction period of assimilation was shortened. This can be seen 
in Fig. 4, which shows the assimilation curves of two normal and two starved 
yeast suspensions. The shortening of the induction period of assimilation 
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Fic. 3. The anaerobic fermentation of 500 mg. of anhydrous glucose by a yeast 
suspension starved for 6 days by continuous aeration. The same yeast suspension 
was used as in the experiment shown in Fig. 1. @, glucose concentration; O, glucose 
fermented to carbon dioxide and ethanol; X, total hydrolyzable polysaccharide con 
tent of the cells as glucose; the dotted line represents the intermediary products, 
estimated by difference. 











was not brought about by differences in the rates of the over-all fermenta- 
tions, since the glucose consumption was almost identical in the four 
experiments. 

Van Niel and Anderson (4) assumed that the assimilated ‘‘products rep- 
resent stored, non-reducing sugar polymers, such as glycogen, capable of 
being fermented at a considerably slower rate,” in order to account for the 
nearly quantitative conversion of glucose to fermentation products upon 
extended anaerobiosis. This anaerobic utilization of reserve material by 
yeast cells is so slow that Winzler and Baumberger (3) found that little or 
no heat was produced. Spiegelman and Nozawa (10) conclude that intact 
yeast cells were unable to ferment their carbohydrate reserves, although the 
data showed a slow but definite carbon dioxide production. The results of 
an experiment in which 50 mg. of glucose rather than the usual 500 mg. were 
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fermented by a fresh yeast suspension are shown in Fig. 5. There was a 
slow but definite carbon dioxide production both before the glucose had been 























10 > 
508 o2t a 
: é id 
E % 
06 Sot 
S : 
WD a f 
S < , , 
S04 9 60 120 160 
3 MINUTES 
we ] 
0.24 
Oo-"30 60 00 120 150 180 210 
MINUTES 


Fig. 4. The assimilation of glucose during the anacrobic fermentation of 500 mg. 
of glucose by starved and fresh yeast. Data from the experiments shown in Figs. 1 
and 3 and from a duplicate experiment of each are presented. The assimilation 
equals the increase in total hydrolyzable polysaccharide content. X, fresh yeast; 
O, starved yeast; represents four points (two for the fresh and two for the starved 
suspensions) all falling within the bar. 
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Fig. 5. The anaerobie fermentation of 50 mg. of glucose by a fresh yeast suspen- 
sion. The sugar was added at the arrow. ©, carbon dioxide; @, glucose 
concentration. 


added and after the fermentation was complete. In order to make this 
carbon dioxide production obvious, the scale used in Fig. 5 is much larger 
than that in the preceding figures. Upon inspection of the results shown in 
Fig. 5, it can be seen that even more than the theoretical amount of carbon 
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dioxide may be produced if the concentration of reserve material is high in 
comparison to the concentration of the added glucose. This is in agree- 
ment with Guillemet (11) who found that more than the theoretical amount 
of carbon dioxide was produced by yeast rich in carbohydrate reserves. 


DISCUSSION 
From the experimental evidence presented, it would appear that in the 
over-all fermentation process there is a definite pattern of progressive 
changes in the rate of fermentation, in the rate of assimilation, and in the 
concentration of intermediary products, as if these were all integrated by 
the equilibria involved. Starvation modifies this pattern, as if the concen- 
tration of reserve material present influences the progress of fermentation. 


SUMMARY 


The anaerobic fermentation of glucose as carried out by living yeast cells 
was followed by a series of quantitative analyses of carbon dioxide, glucose, 
and stored carbohydrate during the course of the process. The following 
conclusions are drawn. 


1. In the fermentation brought about by a commercial strain of bakers’ ° 


yeast, 20 per cent of the added sugar is assimilated and 70 per cent is con- 
verted to carbon dioxide and ethanol. 

2. Starved yeast cells synthesize the same proportion of the added sugar 
into cellular carbohydrate’ material as do cells which contain a normal 
amount of glycogen, but the synthesis is accomplished earlier in the process. 

3. A surprisingly large quantity of intermediary products accumulates 
during the early phases of the fermentation. It was found by the difference 
between the disappearance of the glucose and the formation of the final 
products that as much as 40 per cent of the added sugar appeared as inter- 
mediary products at one stage of the fermentation studied. 

4. The nearly quantitative yield of fermentation products obtained after 
long periods of anaerobiosis is due to the utilization of stored material after 
the complete disappearance of the substrate. 
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In a previous publication (1) a method was described for preparing a 
crystalline amylolytic protein from sweet potatoes. This method has now 
been simplified and the yield of crystalline protein from most samples of 
tubers has been materially increased. Some data on the composition and 
properties of the crystalline product have been obtained and are also 
reported here. 

Crystalline enzymes of carbohydrate hydrolysis have been reported twice 
in the literature, by Caldwell, Booher, and Sherman (2), and recently by 
Meyer, Fischer, and Bernfeld (3). Both preparations were of pancreatic 
amylase, and the former does not seem to have been consistently repro- 
ducible.! The purification and properties of 8-amylase from grains have, 
however, been very extensively studied; for example, its separatiofi from 
a-amylase by Kneen, Sandstedt, and Hollenbeck (4), and its chemical 
behavior by Weill and Caldwell (5), who presented evidence of an indis- 
pensable sulfhydryl group. There is indeed such a large amount of litera- 
ture on both a- and B-amylases of grain that the properties of each enzyme 
(not pure but practically freed from each other) are remarkably well known. 

Although grains have been generally regarded as the most practical 
source of plant 6-amylase, Gore and Jozsa (6) have shown that amylase is 
of wide-spread occurrence in common plants, and that sweet potatoes are 
unusually rich therein. While repeating some of their survey of plants, 
we observed that the sweet potato amylase was almost entirely 8-amylase, 
and that it was obtained quantitatively in the press juice. Further work 
showed among other things that the enzyme was rather stable, not de- 
stroyed by lead, and only slowly inactivated by acid. Furthermore, 
inactivation by acid was greatly delayed in the presence of ammonium sul- 
fate. This stability in acid solutions appeared to offer an opportunity for 


* Enzyme Research Laboratory Contribution No. 111. 

1 Attempts in our Laboratory to purify pancreas amylase led to preparations of 2 
to 3 times the specific activity reported by Caldwell et al. (2) (on a protein basis), but 
crystallization was not successful. The enzyme was found as usual to be very un- 
stable unless kept cold, and we missed the significance of the stabilizing factor used 
successfully by Meyer et al. (3). 
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10 CRYSTALLINE 6-AMYLASE 


extensive purification, and eventually it led to preparations that crystallized 
oasily. 

Method of Assay—Since sweet potatoes were found to contain only traces 
of a-amylase and small amounts of maltase which are lost early in the pro- 
cess of purification, only a method for the determination of B-amylase was 
required. The method used was Schwimmer’s modification (7) of the 
determination of Kneen and Sandstedt (8). The unit of 6-amylase em- 
ployed here is that quantity of enzyme which liberates reducing substances 
equivalent to 1 milliequivalent of ferricyanide in 10 minutes at 30° in 30 ce. 
of a solution of soluble starch at pH 4.8. An empirical curve (Fig. 1) shows 
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B-AMYLASE UNITS 

Fic. 1. Relation between @-amylase units and ferricyanide reduced in the method 
for assay. The curve was made with 6-amylase crystallized five times. The quanti 
ties of crystalline enzyme corresponding to the scale of units are shown in micrograms 
of protein nitrogen. 


the relation between enzyme units and milliequivalents of ferricyanide 
reduced. 

The details of analysis describe the conditions which define the unit, and 
are as follows: 20 cc. of a 2 per cent solution of Lintner starch, 0.02 m with 
respect to acetate, pH 4.8, are diluted to 30 cc. with water and enzyme 
solution and ineubated at 30° for 10 minutes. 3 cc. of the digestion mixture 
are then added to 10 ce. of 0.05 n ferricyanide in 0.2 m sodium carbonate 
solution, and the solution is placed in a boiling water bath for 20 minutes. 
The hot solution is then cooled in ice and acidified by the addition of 25 ce. 
of an acid-salt mixture (70 gm. of KCl, 20 gm. of ZnSO,4-7H.O, and 200 cc. 
of glacial acetic acid in 1 liter). About 0.5 gm. of KI is then added and the 
liberated iodine is titrated with 0.05 n thiosulfate as usual. The difference 
between a blank run and one with amylase is a measure of the reducing sub- 
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stances formed by the enzyme. When substances that themselves react 
with ferricyanide (for instance cysteine) are added to the enzyme to test 
their effect on it, a zero time control (:n practice about 10 seconds later) is 
required. Otherwise, the ordinary blank was found sufficient. 

Preparation of Crude Concentrale—Mature local sweet potatoes of the 
kind called Porto Rican red were found to be the richest in amylase. The 
concentration of enzyme increased rapidly as the tubers approached matu- 
rity and remained high thereafter, but after long storage the material was 
more difficult to handle. The potatées were washed and coarsely ground. 
The pulp was squeezed dry in a hydraulic press, and the cake discarded 
because it contained practically no amylase. About 2 liters of juice were 
placed in an Erlenmeyer flask and heated and stirred in such a way that the 
temperature rose to 60—-65° in 10 minutes. The flasks were then placed in 
cold running water. The temperature dropped to 40° in about 10 minutes 
and to 30° in half an hour. Some amylase was usually inactivated by this 
treatment. The heated juice was then stored for 4 days at 3-4° under 
toluene; during this time an appreciable increase in amylase activity always 
occurred. Small samples of the juice were next treated with basie lead 
acetate and filtered to determine the quantity of the reagent which pre- 
cipitated between a quarter and a third of the enzyme present. The 
appropriate amount of suspension of basic lead acetate (200 gm. per liter) 
was then stirred into the remaining juice, and the precipitate filtered off. 
Usually about 15 gm. of lead acetate were required per liter of juice. Crys- 
talline ammonium sulfate was added to the filtrate to 0.7 saturation, and 
the precipitated protein was collected and stored as a paste for further 
purification. Such pastes have kept satisfactorily for 3 years under 
refrigeration. 

The method previously published by us (1) is satisfactory for the prepa- 
ration of crystalline amylase from this paste. However, the yields depend 
much upon the condition of the particular sweet potatoes used, and perhaps 
upon the year of harvest. <A slightly different method that gives a higher 
yield has been developed since by purifying the crude material more and 
omitting any extensive fractionation prior to crystallization. To this end, 
a concentration of the crude enzyme was made. 

Preparation of Purified Concentrate—A convenient quantity of paste, 
usually 250 gm., was diluted with enough water to be 0.25 saturated with 
ammonium sulfate, brought to pH 5.0 to 5.1 by the addition of 2 N hydro- 
chlorie acid, and filtered through paper. The precipitate was dissolved in 
water, again made 0.25 saturated with ammonium sulfate at pH 5.0 to 5.1 
(the total volume being about the same as before), and filtered again. The 
combined filtrates were found to contain most of the enzyme, and this was 
precipitated by the addition of solid ammonium sulfate to 0.7 saturation. 
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From 250 gm. of crude paste about 60 to 65 gm. of purified paste were 
usually obtained. 

Final Purification—The purified paste was dialyzed in cellophane under 
toluene against running tap water for 2 or 3 days. The dialyzed solution 
was diluted so that 200 cc. corresponded to 250 gm. of the original (crude) 
paste, and then filtered with kieselguhr through a starch-free paper The 
filtrate was made 0.20 saturated by the addition of saturated ammonium 
sulfate solution, and the pH was adjusted to 5.0. If any precipitate formed, 
it was centrifuged out. The solution was then cooled to 8-10° and 2 Nn 
hydrochloric acid added to pH 3.25 to 3.30. It was then centrifuged at 
high speed for 6 to 8 minutes, and the (usually cloudy) supernatant at once 
brought to 0.25 saturation and pH 3.6 to 3.7 by adding saturated ammo- 
nium sulfate. At this point seed crystals were introduced. The solution 
was then stirred gently at room temperature, while saturated ammonium 
sulfate, pH 3.7 (as measured when diluted to 0.5 saturation), was added in 
small doses up to 0.33 saturation. Thereafter, stirring was continued for 
some hours (usually 12 to 18), when the concentration of sulfate was raised 
to 0.4 saturation. 

When made in this way, the crystals are accompanied by varying but 
always considerable quantities of amorphous matter. They are easily 
separated from it owing to their remarkably high specific gravity. Crys- 
tals of B-amylase settle in saturated ammonium sulfate solution. 

Recrystallization—Most of the crystalline material was separated from 
the amorphous by centrifuging the 0.4 saturated suspension at a low speed 
for 8 to 10 minutes. Completeness of sedimentation was determined with 
the microscope. The crystalline sediment was washed twice in the centri- 
fuge with 0.5 saturated ammonium sulfate solution (pH 3.7) and then sus- 
pended in water. When solution of the crystals was complete, more 
amorphous material and a little lead sulfate were centrifuged out. The 
solution was then made 0.20 saturated with ammonium sulfate (allowing 
for that already present with the crystals) and centrifuged again. The pH 
was adjusted, if necessary, to 3.6 to 3.7, the solution seeded, and ammonium 
sulfate added at room temperature with stirring. Saturated ammonium 
sulfate was added until 0.25 saturation, but thereafter a 0.66 saturated 
solution was added. Most of the crystal crop came out between 0.30 and 
0.33 saturation, and here the addition was made slowly. Sulfate was, 
however, added up to about 0.4 saturation. 

The foregoing process was repeated for the third and subsequent crys- 
tallizations. Usually no amorphous material could be seen in the dark- 
field after the third crystallization. After five or six crystallizations, the 
erystals often became so large that a cover-glass broke them on the slide, 
and they were observed in a hanging drop. 
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TaBLe I 
Yield and Specific Activity Obtained in Purification of Sweet Potato Amylase 
, Activity, 7 — = 
Material and treatment bes units per gin. ele ity nit pe 
45.5 kilos sweet potatoes | 22.5 liters | 210 100 84 
ground and pressed; juice | | 
Heated to 65° 22.5 “ | 205 | 97 
Stored 4 days at 3° 25 | 227 | 108 
Filtrate from lead treat- | Ys 157 | 58 119 
ment | | 
Precipitated at 0.7 satura- 1780 gm. 1300 49 
tion of ammonium sul- | | 
fate; crude paste | | 
250 gm. crude paste, 2 runs | | 
(a) and (b) | 
Combine fractions soluble | (a) 920 ee. | 300, 42 
at 0.25 saturation (b) 945 “ 275 38 
Ppt. at 0.7 saturation; | (a) 67 gm. | | 
purified paste | (b) 64 “ 
After dialysis and filtration | (a) 200 ee. 1260 | 39 
(b) 200 “ 1250 38 
“ centrifuging at 0.20 | (a) 250 “ 840 39 
saturation (b) 250 “ 
Prior to Ist crystallization | (a) 256 “ 645 25 
(0.25 saturation, pH 3.6) | (6) 224 “ 490 17 
Ist generation crystals after | (a) 30 “ 3120 14 830 
dissolving (much amor- | (b) 25 “ 3280 13 | 950 
phous material present) | | 
Prior to 2nd crystallization | (a) 38 “ 2640 15 
(b) 40 “ | 2240 14 
2nd generation crystals | (a) 40 “ | 1880 12 990 
after dissolving (little | (b) 30 “ 2760 13 1030 
amorphous material ) | 
Prior to 8rd crystallization (a) 50 “ 1590 12 
| (b) 40 “ | 
3rd generation crystals (a) 10 “ 6540 10¢ 1130 
stored in 0.66 saturated | (b) 10 “ | 6250 10 | 1100 
ammonium sulfate, pH 
3.7 (trace only of amor- | | 
phous material ) 
| 
* This value (really a ratio) is not claimed to be more than a good approximation. 
+ Equivalent to 383 mg. of protein. 
The scheme of purification and crystallization is outlined in Table I for 
the purpose of giving the yields and specific activities obtained. 
Rapidly grown crystals (Fig. 2) are usually twelve-sided figures, appar- 
ently isometric, but when they are grown slowly in the cold from a con- 
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centrated solution of protein, they often appear as tetragonal prisms capped 
by pyramids of the same order. Both crystal forms appear to be unusually 
refractive. When a suspension of crystals in ammonium sulfate (pH 3.7) 
was evaporated to dryness at room temperature, and the residue resus- 
pended in ammonium sulfate solution, it was found that many of the crys- 





Fic. 2. Crystals of sweet potato amylase (X 400) 


tals were uninjured. (One dried preparation still retained a third of its 
original activity and showed a corresponding decrease in activity per mg. 
of protein N.) 

Tests for a-Amylase, Maltase, and Phosphatase—Sweet potato juice con- 
tains traces of a-amylase and maltase and a large quantity of an acid 
phosphatase. $-Amylase crystallized five times was tested for these enzymes. 

No a-amylase was found by the sensitive method of Schwimmer (9), 
with 1.0 mg. of enzyme protein and a digestion time of 4 hours. The 
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amount of enzyme used (about 200 units) was enough to have produced 
about 10 times the limit dextrin used in the test in 10 minutes. 

Maltase was tested for by permitting 10 units of crystalline enzyme to 
act on 50 mg. of pure maltose in 10 cc. of 0.05 m acetate buffer (pH 5.2) 
for 30 minutes at 40°. Thereafter, the glucose formed was estimated by 
the procedure of Tauber and Kleiner (10); however, a photoelectric colori- 
meter was used. The glucose found was 0.65 mg. This value is too small 
to be regarded with much confidence, for the detection of such small 
amounts of glucose in the presence of much other reducing sugar is not 
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Fig. 3. Course of starch conversion (O) by purified wheat 6-amylase, (@ ) crude 
B-amylase (sweet potato juice), (@) sweet potato amylase crystallized five times. 


very satisfactory. If the crystals show maltase activity at all, it must be 
very small. 

Further evidence of the absence of maltase in the crystalline material is 
furnished in Fig. 3 by a comparison of the extent of starch conversion 
produced by three enzyme preparations diluted to contain approximately 
the same 6-amylase activity. These preparations were (a) sweet potato 
juice dried in a vacuum while frozen and redissolved in water for use, (b) 
crystalline 6-amylase, and (c) a commercial preparation of 8-amylase pre- 
pared from wheat by the procedure of Sandstedt, Kneen, and Blish (11) 
and demonstrated to be free from a-amylase. This is the preparation cus- 
tomarily used in the assay of cereals for a-amylase. The conversion was 
determined by the method used here for assay. An empirical curve (not 
shown) was made with pure maltose and used to convert the ferricyanide 
reduced to the corresponding quantities of maltose. 
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The original sweet potato juice gave ultimately a higher reducing value 
than either the crystalline or the wheat preparations. This is presumably 


TABLE II 


Analysis of Crystalline 8-Amylase 


Component Per cent Notes 


Arginine 6.0 Hydrolyzed 20 hrs. with constant boiling 
HCl; thereafter by Sakaguchi method 
as modified by Thomas, Ingalls, and 
Luck (14); extrapolation after Brand 
and Kassell (15) 





Tyrosine 7.0 Hydrolyzed 20 hrs. with constant boiling 
| | HCl; thereafter by modified Millon 
| (Block and Bolling (16)) 

Cystine + cysteine 0.79 Hydrolyzed 6 hrs. with constant boiling 

(as cystine) % HCl; determination after Sullivan, 
| Hess, and Howard (17) 

Methionine | 1.32 | Hydrolyzed 20 hrs. with constant boiling 
| | HCl; method of McCarthy and 
| Sullivan (18), modified* 

Amino N | 0.83 Van Slyke, 3 min. 

Amide ‘‘ | 1.16 Hydrolyzed 5 hrs. in 2 n HCl 

Protein N 14.8 Trichloroacetic acid precipitation; 
Kjeldahl 

Total Nf 15.1 Kjeldahl, after dialysis of 7 times 

erystallized enzymie; sample dried at 
105° in air to constant weight 
ae be 15.2 Dialysis, Dumas; sample dried at 105 


in air to constant weight 

Ash 0.66 

* Dr. Bernard Axelrod, of this Laboratory, has found that when the addition of 
the strong acid to the reaction mixture is made by the procedure of McCarthy and 
Sullivan considerable variation in the final color may be encountered. This diffi 
culty, especially serious with the blanks and with moderate concentrations of methi 
onine, was obviated by precooling the two solutions in separate tubes in an ice bath 
mixing them quickly by pouring back and forth, and then proceeding by the method 
of reference. In the determinations shown here, the blank was the same for all fiv: 
aliquots of the hydrolyzed protein. With the smallest sample it amounted to about 
40 per cent of the total reading and correspondingly less with larger samples. 

+ The nitrogen determination (17.48 per cent), reported by us previously 
cannot be repeated and is evidently an error. 


| 


because of the maltase it contains. On the other hand, there is a remark- 
ably close correspondence between the end-points of the other two prepara- 
tions. The observed conversion (60 per cent) is close to the value generally 
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accepted for the action of 6-amylase in cereals on this type of starch.? No 
evidence for or against the identity of the residual dextrins formed by the 
two enzymes hsa yet been obtained. 

Phosphatase was measured by the p-nitrophenyl phosphate method of 
Axelrod (13) with 50 6-amylase units (0.044 mg. of protein nitrogen). This 
quantity was found to contain less than 0.25 phosphatase unit, which is 
about the lower limit of sensitivity for the method. The ratio of phos- 
phatase units to amylase units was therefore about 0.05, whereas the ratio 
in the original sweet potato juice was slightly over 8.0. Despite the puri- 
fication of the protein before crystallization, the mother liquor of the first 
crystallization was rich in phosphatase, and the thrice crystallized protein 
still contained small but measurable amounts. 
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Fic. 4. pH optimum of sweet potato amylase crystallized three times; O acetate 
buffer, @ citrate buffer. 


Analylical—The results obtained in the determinations of several con- 
stituents of a thrice crystallized preparation (specific activity about 1100) 
are given in Table Il. The protein contains more than an average amount 
of tyrosine and very little cystine and cysteine. 

The absorption spectrum of the solution of material crystallized three 
and six times gave no indication of a known prosthetic group. The solu- 
tions were slightly vellowish, although the color was decreased by success- 
ive crystallizations. The usual protein absorption, presumably due here to 


2 Over a wide range the extent of conversion was practically independent of the 
quantity of crystalline sweet potato amylase used. Thus in 60 minutes at 30°, with 
30 ec. of the starch substrate previously deseribed, 3 units of the same enzyme prepa- 
ration used above gave 59.0 per cent conversion, 30 units gave 60.3 per cent, and 300 
units gave 60.8 per cent. The method used for the determination of reducing sugar in 
this experiment was not that given in the text, but a modification of the Willstatter- 
Schudel method deseribed by Jansen and MacDonnell (12). 
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tyrosine, was noticed. The spectrum of the ash was, except for a trace of 
lead, practically that of the solids in the tap water used for dialysis. 

There is thus no indication that the enzyme contains a light-absorbing 
prosthetic group or is a heavy metal complex. 

Nitroprusside Reaction—The usual nitroprusside test on about 3 mg. por- 
tions of protein was practically negative both before and after reduction 
with cyanide. In the presence of guanidine, however, it was strongly posi- 
tive but not visibly increased by cyanide. Protein coagulated by heat also 
gave a strongly positive nitroprusside test without guanidine. It may be 
concluded that all the S—S and —SH sulfur is masked, and that a large 
proportion of it exists as —SH in the native protein. 

pH Optimum—The activity of enzyme crystallized three times at various 
pH levels was determined with citrate and with acetate buffers, each 0.10 
M in the reacting system. The results are given in Fig. 4. Between pH 4 
and pH 5 the activity is not markedly affected by changes in the pH. 
Beyond this range, however, it is obviously affected by the character of the 
anions present. Ballou and Luck (19) previously found a similar picture 
in their very careful work on the pH optimum of wheat 8-amylase. 


SUMMARY 

A crystalline protein exhibiting a high activity as 6-amylase has been 
prepared from sweet potatoes. The yield is substantial; about a tenth of 
the original activity remains after three crystallizations. Through most 
of its purification the enzyme was accompanied by a phosphatase and by 
some carbohydrate, but neither is present after several crystallizations. 

The enzyme behavior of the crystalline protein corresponds closely to 
what is generally regarded as B-amylase: The pH optimum is very broad, 
Lintner starch is broken down to an extent of about 60 per cent, and no 
a amylolytic activity has been detected. 

Some observations on the composition of the crystalline enzyme are also 
reported. Spectroscopic examination has given no indications that the 
enzyme contains an essential heavy metal or a recognized prosthetic group. 


The authors desire to thank Dr. E. J. Eastmond and Mr. G. F. Bailey 
of the Western Regional Research Laboratory for the spectroscopic exam- 
inations, Dr. Bernard Axelrod of this Laboratory for the phosphatase de- 
terminations, and Dr. Sigmund Schwimmer of this Laboratory for the tests 
for a-amylase, maltase, and the extent of starch conversion. 
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THE COMBINATION OF ADENINE, ADENOSINE, AND 
ADENYLIC ACID WITH SERUM ALBUMIN 


By IRVING M. KLOTZ ano JEAN M. URQUHART 


(From the Department of Chemistry, Northwestern University, Evanston) 
(Received for publication, November 20, 1947) 


The importance of adenine derivatives in many biological systems makes 
it desirable to have information on the interactions of some of these com- 
pounds with proteins. It has been demonstrated that adenosine and 
adenylic acid may be removed from solution by heat-coagulated proteins 
and that adenylic acid may be bound by a protein in the sol state at a pH 
acid to the isoelectric point (1). Evidence of binding at a pH above the 
isoelectric point, at which both protein and adenylic acid would be anionic, 
has been lacking. It has seemed desirable, therefore, to make quantitative 
investigations of such interactions, similar to those carried out previously 
with other organic molecules (2). 

EXPERIMENTAL 

Materials—Bovine serum albumin was Armour’s crystallized product. 
Its water content was determined by heating in an oven at 110°. 

Adenine hydrochloride, adenosine, and adenylic acid (adenosine-3-phos- 
phate) were obtained from the Schwarz Laboratories. At pH 7.6, all 
showed absorption peaks at 2600 A and molecular extinction coefficients of 
12,600, 14,600, and 14,600, respectively, in substantial agreement with the 
values reported by Mitchell and McElroy (3). The adenylic acid was also 
titrated with base and showed a pK of 6.23 as well as an equivalent weight 
corresponding to 100 + 0.5 per cent purity. Nitrogen analysis, however, 
gave a slightly low value, 19.5 per cent being found as compared to 20.17 
per cent calculated from the formula of adenylic acid. 

Buffers of pH 7.6 were prepared from Baker’s c.p. Analyzed grade of 
phosphate salts and were approximately 0.1 M. 

Methods—Cellophane bags were prepared from commercial sausage casing 
and were filled with a measured amount of a protein solution, usually near 
8 per cent concentration. The bag was immersed in a solution of the 
purine derivative and placed in a refrigerator at approximately 5° for a 
period of 72 hours, an interval sufficient for the attainment of equilibrium. 
The bag was then removed and the external solution analyzed for @e purine 
compound by means of the optical absorption at 2600 A. For each concen- 
tration of purine, a control tube was prepared also, which differed from the 
primary tube only in that the former contained buffer rather than a protein 
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solution inside the bag. By this method it is possible to minimize any 
errors arising from binding of the purine by the cellophane membrane. 

Optical densities were measured in the Beckman ultraviolet spectro- 
photometer with 1 cm. cells. 


RESULTS AND DISCUSSION 


The method of calculation of the moles of bound purine per mole of total 
protein from the experimental data has been described previously (2). One 
additional consideration is necessary in these measurements. Since the 
concentration of protein is quite high, a significant Donnan effect will be 
present in the equilibrium with the adenylate ion. If a correction is not 
made for this effect, the binding calculations will give low values. The 
magnitude of the Donnan correction was estimated, therefore, from data in 
the literature (4-7), and the ratio of (divalent) anion concentrations outside 
and inside the bag, respectively, was taken as 1.08. No correction was 
made for the adenine or adenosine, since their hydrochlorides have pk 
values of 4.1 and 3.6 (8), respectively, and hence they would exist as neutral 
molecules in a solution of pH 7.6. 

The extent of binding of these adenine derivatives as a function of the 
concentration of the free molecule has been summarized in Fig. 1. In each 
case the average number of bound molecules on each protein molecule in- 
creases with increasing concentration of the free purine. It is also immedi- 
ately evident from Fig. 1 that the addition of the phosphate group to the 
adenosine increases the binding in a much more pronounced fashion than 
does the addition of the ribose residue to the adenine. 

Several experiments were tried also to determine the extent of binding of 
adenylic acid by bovine y-globulin. No significant binding was observed. 
Such behavior parallels that observed previously with other organic 
anions (9). 

The quantitative data on binding by albumin may be correlated in terms 
of the laws of equilibrium by the following procedure. Since the average 
number of bound molecules per molecule of protein is so very much less than 
1, it is not necessary to write general equations for multiple binding, but 
instead it is sufficient to describe the equilibria by a single equation of the 
form 


P + A = PA (| 


where P represents the protein and A the adenine derivative. If the moles 
of bound,oerganic molecule per mole of total protein are represented by r. 
then it is clear from the definition that 


(PA) 
, . — 4 
(P) + (PA) 
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Simple algebraic manipulation leads to the following expression for the H 
equilibrium constant for reaction (1). 
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Fic. 1. Binding of some purine compounds by bovine serum albumin at 5° and pH 
7.6. © adenine, A adenosine, O adenylic acid. 
TABLE I 


Free Energies of Binding of Some Adenine Derivatives by Bovine Serum Albumin 
at 5° and pH 7.6 








Substance AF° 





calories per mole 


Adenine ; a er — 3080 
Adenosine : t suay deetreaee eee — 3370 
Adenylic acid. Sac caiers OG 7 —3810 
hy it aoe (3) 
my (A) 


From the equilibrium constants, the free energies of binding may be evalu- 
ated through the thermodynamic expression 


AF° = —RT Ink (4) 
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The free energies of binding have been calculated and are assembled in 
Table I. The values are far lower than those observed with some of the azo 
dyes (2). The more polar nature of the purine compounds apparently 
tends to keep them in the water. On the other hand, it is of interest to note 
that the phosphate group, notwithstanding its negative charge, increases 
the binding energy to a greater extent than does the addition of a ribose 
residue, despite the much larger size (and hence increased van der Waals 
interaction) of the latter. However, such behavior is in agreement with the 
point of view that part of the stabilization energy of the anion-protein com- 
plex is derived from electrostatic interaction between the negatively charged 
organic ion and a positively charged quaternary nitrogen on the protein 
molecule (9). 


SUMMARY 


Quantitative data have been obtained on the binding of adenine, 
adenosine, and adenylic acid, respectively, by bovine serum albumin. Free 
energies of binding have been calculated and are — 3080,— 3370, and — 3810 
calories per mole, respectively. 


These investigations were supported in part by a grant from the Office of 
Naval Research. 
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THE EFFECT OF TEMPERATURE ON THE pH OF BLOOD 
AND PLASMA IN VITRO* 


By T. B. ROSENTHALT 


(From the Department of Physiology, Yale University School of Medicine, New Haven) 
(Received for publication, November 24, 1947) 


Although the electrometric technique of measuring blood pH has been 
simplified and rendered quite accurate, there still appears to be some 
doubt about the numerical value of a correction to be applied to the ob- 
served pH in cases in which the temperature of the blood sample is not 38° 
(1-3). The acidity of blood invitro varies tosuch an extent with temperature 
that for accurate determination of its pH the sample should be measured at 
body temperature. Due to the inconvenience, however, of working with 
tempcrature-controlled apparatus it has been the practice to take measure- 
ments at room temperature and then make the appropriate corrections. 
In many clinical laboratories plasma or serum is used instead of whole blood, 
which can introduce certain complications in the interpretation of results. 
Unless we have precise knowledge of the effect of temperature on the pH 
of whole blood and plasma, it is difficult to compare measurements taken 
under these varying circumstances. A systematic study was therefore 
undertaken on a large number of samples under controlled conditions with 
glass electrodes capable of giving results dependable to 0.01 of a pH unit. 


EXPERIMENTAL 


Blood was drawn anaerobically from the heart or femoral artery in 
animals and from the antecubital vein in human subjects, coagulation being 
avoided either by defibrination under oil or by addition of potassium oxa- 
late solution to the syringe. Coagulation in itself does not cause a change of 
blood pH (4), but difficulty in cleaning made it necessary to avoid clot 
formation within the capillary tubing of the apparatus. 

Concentrations of 0.1 to 0.2 per cent oxalate are sufficient for the purpose 
and do not alter pH or disturb ionic relationships between cells and plasma 
(5). A blood sample so treated and kept in the syringe will maintain a 
constant pH for about 30 minutes, but if it is necessary to delay the pH 
measurement for 24 to 48 hours it is advisable to add 0.06 per cent NaF 
as well as oxalate and to chill the sample immediately. This procedure 

* Data taken from a dissertation in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, Yale University, 1941. 

+ Present address, Barnard Free Skin and Cancer Hospital, St. Louis, Missouri. 
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inhibits the glycolytic reactions which otherwise produce a drop in pH 
amounting to a large part of a unit in the course of a few hours. 

The basic data were obtained by dividing the sample into two por- 
tions and making the pH measurements simultaneously at 38° and at room 
temperature. With the use of the temperature-controlled vessels and semi- 
micro glass electrodes described by Nims (6), samples of 1 ml. were found 
ample for duplicate pairs of determinations. As shown in Fig. 1, the »..r. 
of each glass electrode in its blood sample is measured potentiometrically 
with respect to the saturated calomel half-cell, balance being achieved with 
the aid of an amplifier (7) which permits the potentiometer to be read to 
0.2 millivolt. The voltage reading given by each blood sample is con- 
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Fic. 1. Potentiometric determination of pH; blood samples maintained at body 
and room temperatures. Liquid junctions are formed within the stop-cocks. 


verted to pH units by interpolation between the readings given by two 
buffers of known pH (8). . 

The first problem was the general nature of the relationship between pH 
and temperature in any given blood sample. It was found that pH rose 
linearly with a fall in temperature over the range studied from 38-18°. In 
Fig. 2 are presented the results on a few samples taken at random. ‘These 
measurements were made on each sample with three glass electrodes, at 
three temperatures simultaneously. Since the lines for whole blood are 
practically parallel, we conclude that the rate of change of pH with tem- 
perature is independent of the initial value of pH at 38°. A more extensive 
investigation later showed that the slope of the line does not change ap- 
preciably when the initial pH at 38° varies from 7.25 to 7.45, which are 
about the limits of physiological variation. 
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Next, the question of reversibility was studied. It was found that when 
fluoride was employed to prevent glycolysis the blood sample could be 
repeatedly warmed and cooled from 38-3° without altering the pH at 38° 
more than 0.01 unit. 

Table I summarizes the principal findings on whole blood. Since the 
relation between blood pH and temperature is linear, the ‘temperature 
coefficient” (pH units per degree centigrade) was calculated by dividing the 
difference in pH (at body and room temperatures) by the difference in 
temperatures. In each of these series no attempt was made to establish a 
“normal” value of blood pH at 38° or at any other temperature. In fact 
the original pH was often deliberately altered to some extent so that the 
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Fic. 2, Examples of linear relationship between pH and temperature for whole 
blood and for plasma. 


mean value of the temperature coefficient would be representative of a ser- 
ies of normal and abnormal blood specimens. 

In this connection a study was made of the effect of changes in the 
concentrations of the principal buffer systems of the blood. The hemo- 
globin, plasma protein, and bicarbonate concentrations of different samples 
were raised or lowered about 50 per cent by addition of erythrocytes or by 
dilutions with plasma or saline. In each case no significant change oc- 
curred in the slope of the line. Hence we may assume that the numerical 
value of the temperature coefficient for pH, as given below, applies both 
in health and disease. 

Since the means for blood of various species are so close to each other, 











28 TEMPERATURE EFFECT ON PH OF BLOOD 


the data were subjected to an analysis of variance, which showed that the 
variance of measurements within a species was greater than the variance 
of means among the species (by a factor of 2.3). Hence we are justified 
in proposing a single mean value of —0.0147 pH unit per degree centigrade 
for whole blood of man, dog, cat, and rabbit. Or in general where { is the 
temperature at which blood pH is read 


Blood pHss = pH; — 0.0147(38 — t) (1) 


As might be anticipated from the absence of a protein concentration 
effect, no significant difference could be found between the behaviors of 
serum and plasma. Both exhibit the characteristic linear relationship 


TABLE I[ 
Whole Blood of Various Species 




















Source No. of samples _— —- — 

fog a | as Sse eee 34 | 0.01495 0.00055 

Miscellaneous, human. ... 18 0.0146; | 0.00060 

SECs eer 43 0.01465 | 0.00065 

RNR aah 6 ct Tha: 8 hide ore 10 0.0149, 0.00065 

a ey: 8 0.0146; 0.00055 
Weighted mean......... 0.0147 0.00061 





* Over the range 38° to room temperature (18-24°). 


Taste II 
Plasma or Serum of Various Species 

















Source No. of samples | Mean temperature pate 
PUTED ag ds ase oS ae 15 0.01155 0.00025 
Miscellaneous, human... . 15 0.01205 0.00050 
RUM. Leis tstaiede cles 23 0.0107; 0.00110 
PRON 5 obs See 7 0.01389 | 0.00025 





(Fig. 2) between pH and temperature, independent of initial pH at 38°. 
As Table II shows, however, the numerical value of the temperature co- 
efficient is lower than that of whole blood and there is a certain amount 
of species variability. We confirm an observation of Yoshimura (3) that 
the temperature coefficients of rabbit blood and plasma are almost the 
same. For human plasma a formula similar to that of blood may be written 


Plasma pH3s3 = pH; — 0.0118(38 — t) (2) 


Relation between Whole Blood and Plasma—Normal physiological or 
“true” plasma is here defined as that plasma which is in physicochemical 
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equilibrium with the erythrocytes at 38°. Its pH is identical with that of 
whole blood at 38°, since the erythrocytes behave merely like inert suspended 
bodies with respect to the electrodes. ‘‘Derived” plasma is defined as 
plasma obtained from whole blood by separation at any temperature other 
than 38°. It differs in pH and in chemical composition from true plasma. 
Moreover a derived plasma warmed to 38° will not yield the same pH as 
the true plasma, because of the difference in temperature coefficients be- 
tween whole blood and plasma. The relationships are graphically illus- 
trated in Fig. 3. 

The solid line for whole blood is drawn with the slope of —0.0147, with 
pHys set equal to 7.40. The broken line for true plasma is drawn with the 
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lic. 3. The influence of the temperature of centrifugation, showing how two 
plasma samples separated from the same whole blood can have different pH values. 


slope of —0.0118 and must intersect the solid line at 38°. Another 
broken line with the same slope is drawn to represent a derived plasma ob- 
tained at 18°. In this particular case at a given temperature the difference 
in pH between true and derived plasma is almost 0.06. If the temperature 
of separation were 3°, this difference would amount to about 0.10. 

To avoid errors in calculating blood pH3s from measurements on derived 
plasma formulae (1) and (2) are combined to give a more general relation- 
ship 


Blood pH3s = plasma pH — 0.0118(38 — t,) — 0.0029 (38 — t,) (3) 


where ¢, is the temperature at which the blood was centrifuged, and tm is 
the temperature of the plasma when its pH is measured. 
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It may be well at this point to call attention to a misconception on the 
part of some who use commercial pH meters that are equipped with ‘“‘tem- 
perature correction” controls. Such controls are designed to compensate 
for temperature variation in the factor R7T'/F’, which appears in the well 
known formula relating &.m.F. and hydrogen ion concentration, so that the 
meter scale can be read directly at all ambient temperatures. Simply 
setting the pointer at 38° does not solve the problem of finding pHs while 
the sample is at room temperature. 

One might expect to find differences in the plasma concentrations of 
other electrolytes as a function of the temperature of separation. A short 
series of preliminary experiments was therefore made to compare the chlo- 
ride and CO: contents of a true plasma with those of a derived plasma. 
For chloride the loss amounted to about 3 per cent, but for COs» it was 
quite variable (2.5 to 14.5 per cent), probably because the samples were not 
uniform with respect to pH and CO, content. There is enough evidence, 
however, to indicate the necessity of a standard temperature of centrifuga- 
tion if results of plasma analyses are to be comparable. 


The author wishes to express his appreciation for the unfailing advice 
and assistance given by Dr. L. F. Nims, Dr. D. I. Hitchcock, and Dr. P. H. 
Lavietes. The figures are the work of Mr. A. Freeman. 


SUMMARY 


The temperature coefficients of pH for whole blood of man and laboratory 
animals are found to be the same, but minor species differences exist in 
their plasmas. The numerical value of the temperature coefficient is 
constant between 38-18° and independent of abnormal concentrations of 
hemoglobin, plasma protein, and bicarbonate. 

A formula is presented by which the original pH of a blood sample can be 
calculated from a measurement of its plasma pH at room temperature. 
Relations between whole blood, true plasma, and derived plasma are dis- 
cussed. 
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INACTIVATION OF ARGINASE BY PROTEIN DENATURANTS 


By ANDREW HUNTER anp CLARENCE E. DOWNS 


(From the Department of Pathological Chemistry, University of Toronto, 
Toronto, Canada) 


(Received for publication, November 28, 1947) 


Anson and Mirsky (1) showed that, when hemoglobin is denatured by 
neutral sodium salicylate, the relation between salicylate concentration and 
percentage denaturation (the latter measured by the change in green light 
absorption) is represented by an S-shaped curve. It might be anticipated 
that with other proteins and other comparable denaturants a similar rela- 
tion would prevail. If the protein were an enzyme, denaturation would 
involve loss of activity, and the curve of percentage or fractional inactiva- 
tion versus concentration of denaturant might be expected to be again a 
sigmoid. In the case of the enzyme arginase this expectation, we have 
found, is realized not only in the action of sodium salicylate, but also in that 
of at least three other denaturants: potassium thiocyanate, guanidine 
hydrochloride, and sodium dodecyl sulfate (Duponol C). With the last of 
these it seems likely that loss of activity and extent of denaturation are 
exactly commensurate. With the others the situation is perhaps not so 
simple. 


Method 


In studying the effect upon arginase activity of the four substances men- 
tioned we adopted the procedure which we had already applied to the 
measurement of the inhibitory effect of amino acids (2). 

Into each of a series of urea tubes were measured 2 ml. of 1.875 per cent 
arginine hydrochloride in phosphate-phenolsulfonate buffer solution (0.5 
M,pH 8.4). To the first tube there were added 5 ml. of water, to each of the 
others 5 ml. of a solution of the denaturant under test, the concentration of 
the added solution increasing stepwise from tube to tube up to an appropri- 
ate maximum. With potassium thiocyanate this maximum was 41.6 per 
cent, with sodium salicylate 30 per cent, with guanidine hydrochloride 24.45 
per cent, and with Duponol C 0.2 per cent. The mixtures having been 
brought to 37° in a water thermostat were treated each with 1 ml. of 
a cobalt-activated arginase solution of convenient strength. After an in- 
cubation period of, in each case, 30 minutes, the reaction was stopped, the 
quantities of urea produced were determined, and the results were trans- 
lated into terms of arginase activity by reference to our standard curve for 
an arginine concentration of 0.0223 m (3). This procedure is justifiable 
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only if the form of the curve relating enzyme quantity and action within 30 
minutes is unaffected by the presence of the inactivating agent. We have 
satisfied ourselves that this is true for salicylate, and have assumed it to be 
so for the other agents also. 

The urea determinations were made by the urease method. Since that 
enzyme itself is inactivated in greater or less degree by each of the de- 
naturants studied, care was taken to employ in every series of experiments 


TABLE I 
Inactivation of Arginase by Sodium Salicylate 
Each mixture contained 5 ml. of a sodium salicylate solution of the concentration 
indicated in the first column, 2 ml. of a buffer solution containing 1.875 per cent of 


arginine hydrochloride, and 1 ml. of arginase solution. Total volume 8 ml., pH 8.4; 
arginine concentration 0.0223 m. 





Concentration of sodium salicylate : | 
Urea N found Arginase Fractional 











| 
Auaibhed Pinal | | corresponding | inactivation, 1 — @ 
per cent M | mg. units 
0 0.000 | 2.852 | 12.66 | 
2 0.078 | 2.852 12.66 0.000 
4 0.156 2.818 | 12.38 0.022 
6 0.235 2.764 11.92 0.058 
8 0.313 2.678 122 0.114 
10 0.390 2.530 10.23 0.192 
| 
0 0.000 | 2.612 10.79 
12 0.469 } 2.197 8.03 0.256 
14 0.547 2.025 7.05 0.347 
16 0.625 1.734 5.58 0.483 
18 0.703 1.407 4.18 0.612 
0 0.000 2.894 13.01 
20 0.781 1.242 3.53 0.718 
22 0.859 0.938 2.48 0.809 
24 0.937 | 0.604 1.49 0.885 
26 1.015 | 0.360 0.82 0.937 
28 1.093 0.181 0.40 0.969 
30 1.171 0.119 0.25 0.981 





a demonstrably adequate excess. The determination was usually com- 
pleted by aeration of ammonia and titration. This procedure could not be 
used in the presence of guanidine, for that substance itself yields ammonia 
upon treatment with alkaline carbonates. In the guanidine series, accord- 
ingly, we employed, as the final step, the manometric determination of CO, 
(4), making the reaction mixture up to 15 ml., and applying the urease to a 
5 ml. aliquot. 
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Results 


The results obtained with sodium salicylate are recorded in detail in 
Table I. They are derived, it will be observed, from three separate ex- 
periments, each covering one part only of the whole range of salicylate 
concentrations. The quantity of arginase employed was not identical in 
all experiments, but the data are reduced to a uniform basis in the last 
column of Table I, where, under the designation ‘Fractional inactivation”’ 
and the symbol 1 — a, the diminution of arginase activity resulting from 
each given concentration of salicylate is expressed as a fraction of the activ- 
ity in the absence of the denaturant. Although the first and last of the 
three experiments were separated, as it happened, by an interval of 22 
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Fic. 1. Inactivation of arginase by sodium salicylate (Curve I) and potassium 
thiocyanate (Curve II). The early part of Curve I is drawn to fit the equation 
1— a = {[NaC7H;03]?-5/({NaC;H;O3]*5 + 0.427), the early part of Curve II to fit 
1— a = [KCNS)]*4/({KCNS]?5 + 2.72). In each case the curve representing the 
given equation is completed as a broken line. 


days, the combined results form a completely concordant series. This is 
made evident in the graph of Fig. 1, where fractional inactivation plotted 
against molar concentration of salicylate is seen to yield a smoothly con- 
tinuous curve. 

Fig. 1 exhibits also the outcome, similarly interpreted, of a single in- 
clusive experiment with potassium thiocyanate, while Figs. 2 and 3 represent 
results obtained with guanidine hydrochloride and Duponol C respectively. 
On the guanidine graph each of the first six points is an average derived 
from three separate experiments, one only of which was extended to in- 
clude concentrations higher than 1.0 m. For Duponol C the points are 
drawn from two experiments, one covering concentrations (calculated as 
for pure Na dodecyl! sulfate) from 0.000103 to 0.00103 M, the other the 
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overlapping range 0.000517 to 0.00414 m. It may be added that in all 
cases additional experiments gave results sufficiently consistent with those 
here exhibited. 
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Fic. 2. Inactivation of arginase by guanidine hydrochloride. Up to a fractional 
inactivation of 0.7 the line drawn through the experimental points conforms to the 
equation 1 —- a = [CH;N;-HCl]?-5/((CH;N;-HCl]?> + 0.451). The later course of 
the curve representing this equation is shown as a broken line. 
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Fic. 3. Inactivation of arginase by Duponol C. The line drawn represents the 
equation l—a= [Cy2H2;O4SN a]8/ ([Ci2H2s0.8 Nal}? + 2.63 X 107). 


DISCUSSION 

The results shown, although reproducible, were obtained by a method 
to which there is one fairly obvious objection. Denaturation by substances 
like sodium salicylate is neither an instantaneous nor an uncomplicated 
reaction. According to Anson and Mirsky (1) it involves a reversible 
change, reaching completion in about 20 minutes at 25°, followed (per- 
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haps accompanied) by a slower irreversible one. Ideally, therefore, activ- 
ities should have been measured only after an interval long enough to per- 
mit the establishment of an equilibrium between native and denatured 
arginase, yet so short that irreversible changes had made only negligible 
progress. Had it been possible to make our measurements instantaneously, 
this condition might perhaps have been fulfilled. In practice it was un- 
attainable. As measured by our relatively time-consuming procedure, loss 
of arginase activity in the presence of salicylate at 37° continued (although 
at an ever diminishing specific rate) for an indefinite period (with moderate 
concentrations for at least 24 hours), and did not cease until the enzyme 
had become all but completely inactive. Under these circumstances no 
better expedient presented itself than to measure, as we did, the action 
over the first 30 minutes of contact with the denaturant. Such action, it 
is evident, will not correspond to activity at any one determinable instant, 
but may at the best represent approximately the mean activity over the 
whole period of measurement. 

In spite of the element of uncertainty thus inherent in the method we 
believe that the reported activities reflect with sufficient accuracy the rela- 
tive effects of different concentrations of each denaturant. This belief is 
supported by the fact, already mentioned, that with the technique adopted 
the relation between quantity of enzyme and action in 30 minutes is found 
to take exactly the same form in the presence as in the absence of salicylate. 
This would imply that the fraction of enzyme inactivated is independent 
of its total amount, which is just what the known phenomena of denatura- 
tion (5) would have brought one to anticipate. That in this respect our 
method leads to the theoretically predictable result would seem to justify 
a certain confidence in its other indications. This confidence is increased 
by the general similarity of our curves to that of Anson and Mirsky. 

All four of the curves are in fact S-shaped, though not all have exactly 
the same form. ‘Those for salicylate and thiocyanate (Fig. 1) are nearly 
symmetrical, with points of inflection at about 50 per cent mactivation. 
Comparison of the salicylate curve with that of Anson and Mirsky (1) 
shows that, in spite of a slight difference in form and a great difference in 
the range of concentrations covered (hemoglobin was completely denatured 
by 0.5 M salicylate), the two curves have a striking resemblance. It seems 
reasonable to infer that the process of inactivation by salicylate is largely, 
if perhaps not wholly, identical with that of denaturation. Thiocyanate, 
it is clear, acts in precisely the same way as salicylate, but, molecule for 
molecule, is less than half as effective. Guanidine hydrochloride gives a 
curve (Fig. 2), which in its initial segment practically coincides with that 
for salicylate, but at concentrations above 0.55 M, at which about one-third 
of the enzyme has been inactivated, guanidine becomes less effective than 
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salicylate. Its curve as a whole is accordingly asymmetrical. The 
Duponol curve (Fig. 3) departs still further from the salicylate pattern. 
Of the four inactivating agents under consideration Duponol is, moreover, 
incomparably the most effective. A concentration as low as 0.0001 m 
(0.003 per cent) suffices to produce a detectable loss of arginase activity, 
while at 0.00065 m the loss has reached 50 per cent, and at 0.002 m 93 
per cent. This is entirely in consonance with the known efficacy of long 
chain alkyl sulfates as protein denaturants. Anson (6), for instance, found 
that hemoglobin is rapidly denatured by 0.0008 m Duponol PC (a mixture 
of alkyl sulfates with from 12 to 18 carbon atoms). 

Let it be assumed that inactivation by denaturants is a reversible phe- 
nomenon, that it is effected either by chemical combination with or physi- 
cal alteration of the enzyme, and that in either case it can be represented 
by the equation E + nD=ED,, in which E is the enzyme, D is the de- 
naturant, and n is the number of molecules of the latter required to con- 
vert 1 molecule of the former into the inactive form ED,. Then in the 
usual case, in which specific enzyme concentration (7) is small and combined 


denaturant therefore negligible, the equilibrium state should be described 
by the equation 





“yan D*=K 

in which a is the fraction of enzyme in the native or active state, 1 — a is 
accordingly the fraction inactivated or denatured, D is the total molar 
concentration of the denaturant, and K is a constant. In any case to 
which the equation applies, a plot of log {a/(1 — a)] against log D will be 
a straight line of slope n cutting the axis of log [a/(1 — a)] atlog K. When 
n and K are known, fractional inactivation, 1 — a, can be calculated as 
D*/(D" + K). 

In the particular case of Duponol C, log [a/(1 — a)] plotted against 
log D does actually yield a straight line, from which only two of the points 
show a sensible deviation. These two are the first (1 — a = 0.02), to 
which, since its determination is subject to a very large percentage error, 
little weight need be given, and the last (1 — a = 0.928). The (very 
slightly adjusted) line drawn through the remaining points has a slope of 
3, and indicates for K a value of 2.63 x 10-". The curve of Fig. 3 is 
drawn in conformity with these values and it will be seen that, up to a 
Duponol concentration of 0.0001 m and a fractional inactivation of 0.8, it 
fits the experimental points almost perfectly. Except then, for the high- 
est degrees of inactivation, the data agree with the postulates upon which 
the general equation is based, and indicate, these postulates granted, that, 
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at pH 8.4, 3 molecules of sodium dodecyl sulfate are concerned in the de- 
naturation of each molecule (or each active center) of arginase. Whether 
the ED; complex, the existence of which is thus indicated, corresponds in 
any sense to either of the two stoichiometric albumin-dodecy] sulfate com- 
plexes predicated (at pH 6.8) by Putnam and Neurath (8), it is not possible 
to say. At Duponol concentrations of 0.002 and 0.004 m (the latter not 
represented in Fig. 3) the effects are less than the theory would predict, but 
it may be pertinent to remember in this connection that Duponol C is 
not a perfectly pure product. 

With guanidine the graph of log [a/(1 — a)] against log D is a line, which, 
although straight for fractional inactivations up to 0.76, becomes thereafter 
definitely curved. The straight portion of the line has a slope of almost 
exactly 2.5, the value indicated for K being 0.451. The data for thiocya- 
nate and salicylate show the same type of departure from the Duponol pat- 
tern, but in an exaggerated form. With the former, the straight part of 
the line extends only to 1 — a = 0.45, with the latter only to 0.35. In 
each case this straight part has a slope, as with guanidine, of 2.5, while its 
intercept would make K for thiocyanate 2.72, and for salicylate 0.427 
(almost the same as for guanidine). A slope of 2.5, if it has any signifi- 
cance at all here, is probably to be interpreted as an average and as indi- 
cating the existence of more than one type of combination, and the con- 
sequent establishment of more than one equilibrium, between enzyme and 
denaturant (9). 

With use of the n and K values just specified to calculate fractional in- 
activations, one obtains, for salicylate, thiocyanate, and guanidine hydro- 
chloride respectively, the curves, which, in Figs. 1 and 2, beginning as 
continuous lines, are completed as broken ones. In their later seg- 
ments the continuous lines are simply drawn through the experimental 
points. It will be seen that up to the point where the continuous and the 
broken lines diverge, observed and calculated results are in each case in 
entire accord. Beyond that point, coming earliest with salicylate and 
latest with guanidine, each denaturant shows a greater (not, as with 
Duponol, a smaller) effect than the equation used would predict. 

Anson and Mirsky (1) interpreted their curve in terms of a complicated 
equilibrium, involving the reaction of 1 molecule of hemoglobin with a 
considerable number of molecules of salicylate, a reaction resulting in the 
formation, by successive stages, of a whole series of hemoglobin-salicylate 
compounds. Our own curves might doubtless be interpreted in a similar 
sense, but the relations set forth in the preceding paragraphs prompt us to 
suggest, as a speculative possibility, that in each of the graphs the observed 
loss of activity is really the summation of two separate effects. The first 
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of these is the reversible denaturation; the second, independent thereof, is 
a directly depressant action of the denaturing salt upon the native and 
still active fraction of the enzyme. The first is governed by the equilib- 
rium D*-a/(1 — a) = K, and is operative at all concentrations of the 
denaturant; the second comes into play only at concentrations above a 
certain rather high level. The first is represented in Figs. 1 and 2 by the 
curves which terminate as broken lines, the second by the intervals be- 
tween the broken lines and the continuous ones. With Duponol concentra- 
tions remain throughout so low that the second effect never makes an 
appearance. 

For the actual existence of the postulated double mechanism we have 
no direct evidence. It is well known, however, that unduly concentrated 
media are in general unfavorable to the action of enzymes. We have found 
a pertinent example in the action upon arginase of NaCl, with which de- 
naturation is not a factor. Applied under the same conditions as the de- 
naturants, NaCl had little effect upon arginase activity in concentrations 
up to 1.67 m, but reduced it by half when the concentration was raised to 
3.34 M. 

Even if the hypothesis here advanced is correct, the indicated K values 
cannot, for reasons already discussed, be regarded as other than rough 
approximations to the true equilibrium constants. Such as they are, how- 
ever, they would suffice to indicate that the affinities of salicylate and guani- 
dine hydrochloride for arginase are about equal, while that of thiocyanate 
is considerably less, and that of sodium dodecy] sulfate out of all compari- 
son greater. 


SUMMARY 


The enzyme arginase is inactivated by each of the protein denaturants, 
sodium salicylate, potassium thiocyanate, guanidine hydrochloride, and 
sodium dodecyl] sulfate (Duponol C). Of these four, thiocyanate is the 
least, and Duponol C incomparably the most effective. In all cases the 
curve relating fractional inactivation to concentration of denaturant is S- 
shaped, resembling more or less closely the curve relating salicylate con- 
centration to percentage denaturation of hemoglobin (Anson and Mirsky). 
The curves for salicylate and thiocyanate are symmetrical; the others show 
different degrees of asymmetry. With Duponol C, the results can be in- 
terpreted to indicate that the sole factor depressing activity is denaturation, 
and that this involves the interaction of 3 molecules of dodecyl sulfate with 
1 of the enzyme. With the other three denaturants, the situation cannot 
be formulated so simply, and certain of its features suggest that the effects 
of denaturation may here be supplemented by a directly depressant effect 
of the denaturing salt upon the undenatured fraction of the enzyme. 
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THE FLUOROPHOTOMETRIC DETERMINATION OF 
URANIUM IN BIOLOGICAL MATERIAL* 


By W. F. NEUMAN, R. W. FLEMING, A. B. CARLSON, anp N. GLOVER 


(From the Division of Pharmacology and Toxicology, Department of Radiology, 
School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 


(Received for publication, December 5, 1947) 


For a comprehensive study of the excretion and distribution of uranium 
in animals, a sensitive and accurate analytical procedure for the determina- 
tion of uranium in biological material was necessary. Among the existing 
methods were a permanganate titration (1), a magneto-optic procedure 
(2), a radioactivity method (3), and the fluorescent technique of Hoffmann 
(4). 

The fluorescent method was chosen for further study because it offered 
three advantages: specificity, sensitivity, and economy of equipment. In 
addition, Bloor’s' investigations had indicated that the accuracy of the 
fluorescent techniques of Hoffmann (4) could be improved. 

Briefly, Bloor’s procedure was as follows: The uranium sample was fused 
with sodium fluoride in a platinum dish, the fusion illuminated with ultra- 
violet light, and the intensity of fluorescence determined by measuring the 
depth of a methylene blue solution required (Duboseq colorimeter) to ab- 
sorb the emitted light. Since the sample was compared with a blank 
in total darkness, it was necessary that the investigator’s eyes be dark- 
adapted. 

To facilitate the measurement of fluorescent intensities and to increase 
the accuracy of the measurement, a fluorophotometer was constructed. 
This instrument permitted the accurate analysis of quantities of uranium 
as low as 0.0005 y. However, the presence of even small amounts of 
extraneous inorganic material was found to give erroneous results, usually 
by quenching the fluorescence (5). Therefore, it became necessary to de- 
vise a procedure for the isolation of uranium to make the method applic- 
able to biological specimens. 

The affinity of protein for uranium, even at its isoelectric point, served 
as the basis of the isolation procedure developed. In conjunction with 
electrolysis for the removal of heavy elements other than uranium, the 
isolation procedure permitted the accurate analysis of uranium in concen- 
trations less than 1 part per million of fresh tissue by fluorophotometry. 

* This paper is based on work performed under contract No. W-7401-Eng-49 for 


the Manhattan Project at the University of Rochester. 
1 Bloor, W. R., unpublished results. 
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EXPERIMENTAL 


Fluorometry 


Fluorophotometer—Recently, while this report was in preparation, a re- 
port appeared (6) describing an apparatus similar in many respects to that 
presented here. The instrument and procedure (6), however, lack the 
sensitivity and precision required for biological study. 

Sample Holder—Bloor’s technique! of fusing the uranium-sodium fluoride 
flux in platinum foils was adopted. The sample cup was made of 0.13 
mm. (0.005 inch) platinum foil, 20 by 24 mm., having a cireular indenta- 
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Fic. 1. Perspective drawings of the platinum fusion cup and sliding brass sample 
holder. 


tion 11 mm. in diameter and approximately 1.5 mm. deep at the center, as 
indicated in Fig. 1. In the fluorophotometer, the foils were brought into 
reading position by means of a sliding brass bar (Fig. 1) which acecommo- 
dated five samples and was equipped with a spring stop mechanism to 
facilitate centering of the specimens. 

Illumination—Severai types of ultraviolet sources were tested: General 
Electric bulb BH4, Mineralight model V41, a mercury arc, and others. All 
of these activated the uranium-sodium fluoride flux toa bright, yellow-green 
fluorescence, indicating that the wave-length of the ultraviolet radiation 
was not critical. For the fluorophotometer, the Conti-Glo lamp (Conti- 
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nental Lithograph Company, Cleveland) equipped with a clear glass bulb 
(General Electric, AH4) was the most satisfactory. To minimize varia- 
tions in radiation output, the lamp was supplied with a constant voltage 
transformer (Sola, model 30808). Corning Filter 5874 (heat-resistant) and 
several thicknesses of Filter 9863 were interposed between the lamp and 
sample holder to remove visible radiation. A cooling system, a fan or water 
jacket, removed the heat generated by this lamp. 

Photometer—The wave-length of the emitted fluorescent light has been 
reported (5) to be principally 555 my. To isolate this wave-length, Corn- 
ing Filters3484 and 9780 were placed above the illuminated sample. Above 
- these filters was fixed a light-tight box housing the phototube, as indicated 
in Fig. 2. The current of the phototube, after amplification, operated a 
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Fig. 2. Section drawing of the fluorescence chamber. For details, refer to the text. 


galvanometer. The wiring diagram of the amplifier is given in Fig. 3. 
It is a slight modification of a standard D.c. amplifier circuit (7). By the 
use of three separate grid resistors of different resistances and an optional 
galvanometer shunt, the analytical range could be varied 1000-fold. Since 
the phototube currents were very small, the stability was improved by 
keeping the connections to the control grid of the amplifier tube as short 
as possible. Accordingly, the amplifying tube and grid resistors were 
mounted in the phototube housing. It was necessary to keep a fresh sup- 
ply of silica gel in the chamber to avoid instability caused by humidity. 
In operation, the circuit was adjusted to give a 0.6 volt drop across the 
filament and a plate current of 100 microamperes. 

Procedure—Because of the small amounts of material taken for analysis, 
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all samples were prepared in solution form, adjusted to a range in con- 
centration of uranium from 0.01 to 20 y per ml. To prevent the adsorp- 
tion of the small quantities of uranium on the walls of vessels, etc., the 
solutions were made at least 0.1 N with respect to free nitric acid. 

A 0.1 ml. aliquot of the solution to be analyzed was pipetted into a 
platinum cup. The cup was placed on an asbestos board and the contents 
evaporated to dryness on an electric hot-plate. If organic material was 
present, the temperature was raised until charring took place. The as- 
bestos board and cup were then removed and allowed to cool. Approxi- 
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Fic. 3. Wiring diagram of amplifier circuit. 71, No. 1LN5; 72, No. 929, base re 
moved; B,, 24 volt storage battery; Bz, 22.5 volt B battery; S:, single pole, single 
throw toggle switch; S2, special switch; M,, 200 microampere meter; M2, galvanom- 
eter, 6 microamperes full scale; P;. 60 ohms; P»2, 200 ohms; P3, 10,000 ohms; P,, 
1000 ohms (wire-wound); R;, 100,000 megaohms; R2, 10,000 megaohms; R;, 1000 mega- 
ohms; R,, 200 ohms; R;, 82 ohms; Re, 5.6 ohms; R;, 1000 ohms; Rs, 220 ohms. 


mately 80 mg. of sodium fluoride (Baker and Adamson, reagent grade) 
were added to the cup and the sample twice fused and read in the fluoro- 
photometer. 

Fusion—The reading given by a known quantity of uranium was rela- 
tively unaffected by some variation in the amount of sodium fluoride em- 
ployed which made it convenient to measure the fluoride by means of a 
small scoop which delivered 80 + 20 mg. This quantity gave best results 
with the size of the platinum cup previously described. Two samples 
were fused simultaneously by placing them side by side on a nichrome 
wire rack above a Meker burner. 
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The use of a large diameter pipe (1.5 inch) connected directly to the gas 
main, or to a constant pressure head, obviated changes in the gas pressure, 
which insured an even fusion temperature. 

Reading—All samples were analyzed in quadruplicate. A convenient 
set would, for example, consist of 


1 blank Xx4= 4 
3 standards X 4 = 12 
20 samples xX 4 = 80 


96 fusion cups 


Such a test took one operator 6 to 7 hours working time. 

Before a series of readings, the fluorophotometer was given about $ hour 
to reach thermal equilibrium. By adjustment of the zero controls, the 
galvanometer was set to give a reading of 10 for the first blank. This 
blank was kept in the sample holder and used as a reference point for the 
reading of all subsequent samples. 

Contamination Control—To analyze extremely small quantities of ura- 
nium, it was necessary to exercise a rigorous control over operating con- 
ditions. No dry uranium compounds were permitted in the analytical 
room. All glassware for quantitative use was left overnight in cleaning 
solution and, immediately before use, rinsed thoroughly in 1 per cent nitric 
acid followed with distilled water. The platinum cups were boiled in 1 
per cent nitric acid and rinsed several times with distilled water, reshaped, 
and kept under distilled water until ready for use. Immediately before 
the samples were to be analyzed, the cups were again boiled with dilute 
nitric acid and rinsed several times with distilled water. Extreme care was 
exercised during the period in which samples were pipetted, dried, and 
fused. 

Resulis—A linear relationship between galvanometer deflection and the 
quantity of uranium present was observed throughout the analytical range 
(0.001 to 3.0 y). 

Analysis of Pure Solutions of Uranyl Nitrate—To obtain a statistical 
analysis of the accuracy of the method, a series of unknowns was prepared 
by a disinterested person and analyzed in the routine manner. The results 
of this study are presented in Table I. 

It was shown that the absolute error of the method increased with in- 
creasing quantities of uranium, giving a fairly consistent per cent error. 
Because of this fact, and because of convenience of the term “per cent 
error,” the standard deviation was calculated as a percentage. The results 
of the statistical analysis of the data in Table I are presented in Table II. 

It can be seen from Table II that the standard error of the fluorophoto- 
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metric method, with pure’ solutions of uranium, is less than 3 per cent. 
Of twenty-seven samples analyzed, the largest error observed was 10 per 
cent. 

Analysis of Tissue Specimens—Poor recoveries were observed when 
known quantities of uranium were placed in porcelain crucibles. Accord- 
ingly, platinum ware was employed. All tissue specimens were dry-ashed 
in a muffle furnace at temperatures not exceeding 750°. At lower tempera- 
tures, ashing was incomplete; at higher temperatures, the ash of some tissues 
(urine especially) tended to crawl out of the crucibles. 

The ash of all tissues reduced the intensity of the fluorescence of uranium. 
Typical of the results obtained are the data presented in Table III in which 


TABLE [ 


Results of Fluorophotometric Analysis of Uranyl Nitrate Solutions 


Contained Found Contained | Found 
Seaton Seapets icelibil | ion ae een, a ee ae ee 
“5 Y ¥ Y 
0.228 | 0.238 | 0.040 | 0.040 
0.228 0.229 | 0.040 | 0.042 
0.228 0.229 0.040 0.042 
0.228 0.225 0.0228 | 0.021 
0.170 0.170 | 0.0228 | 0.023 
0.170 0.174 0.0228 | 0.023 
0.170 | 0.175 0.0228 | 0.023 
0.170 | 0.170 | 0.020 0.020 
0.160 | 0.159 0.020 0.020 
0.160 | 0.152 0.020 0.020 
0.160 0.163 | 0.010 | 0.011 
0.080 0.083 0.010 | 0.011 
0.080 | 0.078 | 0.000 0.060 
0.080 0.077 0.000 0.002 
0.080 | 0.079 0.000 | 0.000 


| 





fluorescence was reduced approximately 20 per cent by microgram quanti- 
ties of either bone ash or ferric iron. 

When applied to the analysis of biological samples, a 17 per cent in- 
hibition was observed when the concentration of uranium in bone ash was 
2 parts per thousand. Obviously, to determine uranium in lower concen- 
trations (1 p.p.m.), some method for the isolation of uranium was neces- 
sary. 


Isolation of Uranium from Biological Material 


The observations of Dounce? that uranium forms a stable complex with 
proteins served as the basis for further experimentation, which led to the 
development of the isolation procedure described below. 


2 Dounce, A. L., unpublished results. 
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Procedure—The tissue ash was dissolved in a minimum of 2 n hydro- 
chloric acid and an aliquot containing 50 to 100 mg. of ash transferred to a 
centrifuge tube graduated at 10 and 30 ml. 2 drops of brom-cresol green 
indicator were added and the solution neutralized to pH 4.5 (green color) 
with 1 N sodium hydroxide. 3 ml. of 1 N sodium acetate-acetic acid buffer 
(pH 4.5) and then a solution containing 100 mg. of one of the protein 
preparations described below were added. The resultant solution was 
diluted to 30 ml. and, after thorough mixing, the tube was immersed in a 
hot water bath at 80° for 45 minutes. The coagulum which formed was 
separated by centrifugation, washed once with fresh 0.1 N acetate buffer 


TABLE II 


Statistical Analysis of Accuracy of Fluorophotometric Method 


No. of samples... 




















adele ee PRT E eT eT er Cy PE ee eee 27 
CORICMNGE ERO TOUO, BOOBs 03 6's iis 5 ie Cox cbs caE CO RU aE we baa ReMaeaekateeen 0.1-2.9 
Coefficient of correlation dis Wy, 0 dodo oS Lae eRe cea eRr ate enue eek ower eas 0.999 
: per cent 7 
WEMOG GUEUCOVERG. «6 o/c.5 3c ah. c as enh ne Cee et ee eae 92-110 
WIRE POCOVOEG: oie i-d5 3s Suse Se lero Saket 101 
Standard deviation: :......... sess. 08 bx ¢ we ; 3.9 
ns error....... concils Sateen S 2.6 
TABLE III 
Inhibition of Uranium Fluorescence 
Bone ash, 0.2 y U per sample Ferric chloride, 0.1 y U per sample 
Added | Inhibition Added | Inhibition 
“ SLL Sees ae Ssh inT Ee (Ameer ts are 
Y | per cent ¥ per cent 
0.0 0 0.0 | 0 
0.1 0 0.4 5 
1.0 5 0.8 12 
10.0 11 | 4.0 25 


100.0 | 17 | 


(pH 4.5), and again centrifuged. The washed precipitate was dissolved in 
concentrated nitric acid and made up to a volume of 10 ml. 0.1 ml. ali- 
quots were then taken for fluorophotometric analysis. ‘Blank’ deter- 
minations were carried through the procedure with each set of samples as 
a check against contamination of reagents. 

Effect of Protein Concentration—In the preliminary studies, crystalline 
egg albumin was employed. Because of the expense and trouble involved 
in its preparation, the crystalline protein was discarded in favor of com- 
mercial egg albumin, precipitated twice with ammonium sulfate, and di- 
alyzed free of salt. Later, it was found that a preparation of bovine al- 
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bumin (Fraction V from bovine plasma, Armour Laboratories, Chicago) 
could be used directly without preliminary purification or manipulation, 

In Table IV are presented the results of two experiments designed to 
determine the effect of varying quantities of protein on the recovery of 


























TaBLE IV 
Effect of Varying Protein Concentration on Recovery of 10 y of Uranium 
Recovery 
Concentration of protein - _— 
Test 1 | Test 2 
mg. per ml. per cent a Same regres - 
0.63 62 64 
0.85 | 72 78 
1.25 86 83 
1.58 | 88 93 
1.88 91 92 
2.00 89 
2.50 | 94 104 
3.00 | 102 | 100 
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PH OF ACETATE BUFFER 


Fig. 4. Effect of pH on the precipitation of the uranium-protein complex 


uranium. It is evident that, with the volumes employed, the protein 
concentration should be in excess of 2.5 mg. per ml. 

Effect of pH—Below pH 4.0 and above pH 5.0 it is difficult to obtain the 
complete coagulation of the protein which is essential for good recoveries 
of uranium. In Fig. 4 are presented the results of studies designed to 
determine the optimal pH for recovery of uranium. These data indicate 
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that pH 4.5 is optimal, but a change of + 0.2 pH unit does not seriously 
reduce the recovery. 

Solubility of Ash—Bone ash was assumed to be the least soluble ash 
encountered in biological material. Accordingly, ‘‘solubility” experiments 
were conducted to determine the maximum quantity of bone ash soluble 
in acetate buffer at pH 4.5. This was found to be approximately 4.0 mg. 
perml. However, as is indicated in Table V, heating, which was necessary 
to coagulate the protein, reduced the “solubility” to 3.3 mg. per ml. Since 
a volume of 30 ml. was customarily used, the maximum quantity of ash 
taken for analysis was 100 mg. 

Efficiency of Isolation—An experiment was conducted to determine how 
completely uranium was separated from tissue ash and to determine how 
much tissue ash carried through the isolation. The standard procedure 


TABLE V 
Effect of Temperature on Solubility of Bone Salt 
— denotes complete “‘solubility,’’ + denotes precipitation. 





Concentration of bone salt 














Time | Temperature | 
| | 3.3 mg. per ml. | 3.5 mg. per ml. | 3.8 mg. per ml. | 4.0 mg. per ml. 
min | "Gs | 
0 55 cat ~ _ 

18 60 — = - og 

22 65 - | - - — 

28 70 | = - 

36 76 _ _ _ 

43 80 — | + | + + 

73 | 90 | + | + | +4 | +++ 


was applied to two solutions of pure uranyl nitrate (10 y) and to six solu- 
tions to which 100 mg. of bone ash had been added. The ash content of 
the resulting washed protein precipitates was determined. In the ex- 
perimental samples, containing 100 mg. of bone ash, 4.4, 4.1, 4.4, 3.9, 
4.0, and 3.7 mg. (average 4.1 mg.) of ash were found, and in the control 
samples, containing no bone ash, 5.4 and 5.6 mg. (average 5.5). These 
results indicated that the ash content of the uranium-protein complex is 
less in the presence of bone salt than in its absence. ‘This seemingly para- 
doxical result is best explained by the fact that, in the presence Of bone 
ash, the protein coagulum is more dense and occupies a smaller volume 
than when salt is absent (familiar phenomenon of the salting-out of pro- 
teins). Consequently, a smaller volume of wash solution containing 8 
mg. per m.. of sodium acetate was retained by the protein coagulum when 
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bone salt was present. Under the circumstances, it seems likely that very 
little, if any, bone ash carries through the isolation procedure. 


TABLE VI 
Results Obtained with Protein Isolation 
Bone samples Pure solutions Soft tissues 
No. of samples........ Be pe * ‘i 16 16 28 
Concentration range, p.p.m...... : ies 1-1000 0.01-10 0.5-50 
per cent per cent per cent 
Mean recovery. a 96 92 90 
Standard deviation. ... ring 9.1 7.0 5.8 


Range of recovery..... ees 70-104 77-102 83-105 


TaBLe VII 
Recoveries of Uranium from Liver, Spleen, and Blood Both by Electrolysis and by 
Protein Isolation 


I Re ee ore re eee vars ; 17 
Comeentratantl TONGS, PPM. 6.6 ease ee ccs ; PF xe ve 2-25 
per cent 
Mean recovery.... re 92.5 
Standard deviation... 70 
Range of recovery..... re 75-103 


TABLE VIII 


Over-All Summary of Analytical Results 


Pure solutions Tissues 
No. of samples eteee ene sae 16 61 
Concentration range, p.p.m... ' : 0.01-10 0.5-1000 
per cent per cent 
Mean recovery. en 92.0 92.3 
Standard deviation es 7.0 730 


Range of recovery. .. pl none acishary 70-102 70-105 


Results—The results obtained from the analysis of pure solutions of 
uranium,and of samples of bone and soft tissue* to which known quantities 
of uranium were added are presented in Table VI. : 

Not included in Table VI are the results obtained with liver, blood, and 


’ The following tissues were taken: kidney, bladder, genitals, heart, lung, stomach 
and contents, intestines, leg muscle, and skin and hair. 
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spleen, from which recoveries as low as 38 per cent were observed. This 
difficulty was overcome by electrolyzing such samples in a small mercury 
rathode cell prior to isolation of the uranium by the protein method. 

To the HCl-ash solution, perchloric acid was added to give a final con- 
centration of 3 per cent and current (10 volts, p.c.) passed through for 
1 hour. The electrolyzed solutions were then subjected to the isolation 
procedure described above. 

With the electrolysis, good recoveries were obtained from liver, spleen, 
and blood, as indicated in Table VII. 

The over-all average recoveries are presented in Table VIII. It is 
clearly evident from these data that uranium can be recovered from tissue 
equally well as from distilled water. Although the recoveries were not 
strictly quantitative (92 per cent), they were consistent (standard devia- 
tion, 7 per cent) and within the accepted limits of biological variation. 


DISCUSSION 


The fluorophotometric method for the determination of uranium offers 
extraordinary specificity, sensitivity, and, for the quantities analyzed, 
unusual accuracy. The ultimate limit of sensitivity has not been deter- 
mined. If higher value grid resistors are employed, the fluorophotometer 
can be adjusted so that uranium can be detected in even smaller quantities 
than reported above. In our experience, slight impurities in the best 
grade of reagent sodium fluoride set a lower detection limit of 0.0005 y 
of uranium perfusion cup. Translated in terms of tissue, this is equivalent 
to 0.005 y per gm. of fresh, soft tissue. 

The use of organic reagents in microanalytical procedures is gaining in 
popularity. Proteins, however, represent a group of organic reagents 
rarely employed. The point of interest in this particular application is 
the fact that the combination with uranium is practically quantitative at 
the isoelectric point. Good evidence? has been obtained that it is a direct 
combination with protein and not the usually observed coprecipitation 
phenomenon. Since, at the isoelectric point, electrovalent combinations 
with both cations and anions are minimal, it is probable that the uranium- 
protein complex which forms is a covalent type of combination. It is 
possible that the technique employed in the development of the isolation 
procedure may be applied to (a) the isolation of other metals and (b) the 
evaluation of the type of linkage between protein and various ions. 


SUMMARY 


With a protein isolation, and with electrolysis when necessary, uranium 
can be quantitatively determined fluorophotometrically in tissue samples 
in concentrations as low as 0.005 y per gm. of soft tissue. 
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THE RELEASE OF THE SULFUR FROM THE TISSUES OF 
RATS FED LABELED METHIONINE* 


By HAROLD TARVER anp LURA M. MORSEt 
(From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, October 28, 1947) 


Since the pioneer investigations of Schoenheimer and coworkers with 
both ammonia labeled with heavy nitrogen and amino acids labeled with 
either deuterium or nitrogen, it has been evident that the amino acid 
components of many of the tissue proteins readily interchange with the 
free amino acids of the protoplasm. However, not all tissue proteins be- 
have similarly with regard to the uptake and release of labeled amino 
acids. Some tissues such as intestinal mucosa and kidney are particularly 
active in this respect. Other tissues such as brain and muscle are much 
less active. It therefore becomes necessary to investigate this phenome- 
non in detail in order to gain some insight into the factors which control 
the rates of incorporation and release of the amino acids in the protein of 
different tissues and of the individual proteins of any one tissue. 

Such studies have already been initiated in a number of laboratories. In 
1944 Shemin and Rittenberg (1) reported on the results of an investigation 
into the release of glycine labeled with heavy: nitrogen from the tissue 
proteins of rats. The most important finding in this work was that the 
nitrogen once “fixed” into the animals’ tissues was but slowly released 
into the urine. There occurred in the animals an equilibration of the ni- 
trogen so that all products approached an “average isotope concentration.” 
In studies of a more restricted nature, the behavior of the antibody pro- 
teins has been followed with glycine and tyrosine labeled with heavy 
nitrogen (2). Thus it was observed that the behavior of the antibody in 
passive and active immunity is entirely different from a metabolic point 
of view. The behavior of plasma protein labeled with heavy nitrogen in 
the « group of lysine has been followed by feeding large doses of labeled 
lysine to a donor dog and then injecting the plasma from the donor animal 
into recipients (3). 

The work reported here is o: a nature similar to that of Shemin and 
Rittenberg. Methionine labeled with radioactive sulfur was fed to rats, 


* Aided by a grant from the Research Board of the University of California, and 


from the American Cancer Society on the recommendation of the Committee on 
Growth of the National Research Council. 


+ Present address, Department of Home Economics, University of California, 
Davis. 
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and the tissues were examined after various intervals for the presence of 
the label in the protein fraction. From the results obtained, there is 
evident the same tendency for the isotope concentration to approach an 
approximately constant level, with a small loss into the urine. Conse- 
quently, the approach to an “average isotope concentration” observed 


by Shemin and Rittenberg is not due to any special propensity of nitrogen , 


to be reincorporated into carbon residues, but is a more general phenome- 
non concerned with the metabolism of protein. 


Methods 


Experimental Animals—The experiments were done on a series of thirty- 
four rats divided into six groups. The animals were mixed male and 
female, 3 or 4 months old, but of widely varying weights (175 to 389 gm.). 


TABLE | 
Summary of Experimental Data 


| 


| Group 1 Group 2 Group 3 | Group4 | Group 5 | Group 6 
a i 








ee) er ee ole uss of 4 5 | 4 3 
Duration of experiment, | 
SE i ee 14 2 10.2| 4 7 
Methionine fed, mg....... 1.34 1.34 2.68 2.68 3.35 3.35 
™ “ counts per| | | 
Wes Stee: es ..|5,770 (5,770 11,500 (11,500 (14,400 (14,400 
ee. eh wees”... i... 5 665. 4 / 4 3 ey 3 





* Trichloroacetic acid washes of rat proteins. 
They were fed a standard diet! for a period of 7 days before the experi- 
ments and during the whole time were, maintained at 22-23°. 

Treatment of Animals—The animals were fed methionine labeled with 
radioactive sulfur (4) by stomach tube in the amounts indicated in Table 
I, dissolved in 1 ml. of water. After the number of days indicated (Table 
I) the animals were killed by withdrawing blood from the heart into oxa- 
late. This was done under ether or nembutal, neither of which appeared 
to affect the results. 

Preparation of Samples—Kither the tissues were removed from the 
animals immediately and minced or homogenized in a Waring blendor 


1 The diet had the following composition: casein 150 gm., fat 140 gm., salt mixture 
55 gin., sugar 655 gm., cod liver oil 20 ml., wheat germ oil 12 ml., choline chloride 0.5 
gm., thiamine 3 mg., riboflavin 4 mg., pyridoxine 3 mg., calcium pantothenate 30 mg., 
nicotinamide 10 mg., inositol 200 mg., p-aminobenzoie acid 5 mg. The salt mixture 
is that of McCollum and Davis as modified by Tufts and Greenberg (J. Biol. Chem., 
122, 693 (1937-1938) (Mixture 3)). 





cle 


€ 
c 





Y- 


nd 


H. TARVER AND L. M. MORSE 55 


or the whole animal was frozen in a dry ice-acetone mixture and kept in 
the refrigerator until dealt with (not more than 2 days). The tissue 
preparations were precipitated with trichloroacetic acid and washed several 
times with the same acid (Table I). 

The protein precipitates were digested with the Pirie (5) reagent and 
determination of total sulfur and radioactivity was made as described in 
a previous publication (6). In Groups 1 and 2 the liver protein was di- 
vided into equal portions, one of which was used for the determination 
of the total sulfur of the material, and the other was subjected to the dif- 
ferential oxidation procedure of Evans (7). This results in the oxidation 
of the cystine to sulfate but leaves the methionine unaffected. The sulfate 
was precipitated with benzidine after removing the nitric acid, and the 
sulfur and radioactivity determined. Methionine in the filtrate from the 
benzidine sulfate was oxidized with the Pirie reagent and sulfur and radio- 
activity determinations were again made. No great accuracy can be 
claimed for this method because of difficulty encountered in determining 
the end-point in titrating the benzidine sulfate from the cystine oxidation. 
There was contamination with a yellow color which made an exact de- 
termination of the salmon end-point very difficult in some instances. Also 
the presence of excess benzidine made the determination of methionine 
more difficult. In some instances sulfur was lost by ignition of the per- 
chloric acid digests. 

Total sulfur was determined in urine and feces samples by the same 
methods. 

Some determinations of radioactivity were made on the trichloroacetic 
acid washes. These washes contained significant amounts of protein 
which were lost by decantation from the precipitates, and the results 


- only served to indicate that the washes contained relatively little radio- 


active material in the group of animals sacrificed after 14 days from the 
time the methionine was fed. 

Expression of Results—In a previous paper (6) we endeavored to compare 
the radioactivities in the sulfur fraction of animals of different weights 
fed different amounts of methionine by means of a formula giving a unit 
termed the standard replacement (S. R.). This was evolved from an 
earlier unit, per cent replacement (relative activity). Standard replace- 
ment was defined as follows: 

S. A. of sample x 10° x W 


5. RR. 3 
S. A. of methionine x C 





where W = weight of the animal in kilos. The specific activity (S. A.) of 
a sample is the radioactivity (in counts per minute) of the samp!e per mil- 
liequivalent of sulfur, and specific activity of methionine is the radio- 
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Time in Days 
Fic. 1. Rate of decrease in concentration of radioactive sulfur in the proteins of 
rat tissues labeled by feeding methionine containing radioactive sulfur. © intestinal 


mucosa, J plasma, X kidney, @ liver, A spleen, ® brain, A residue (skin, hair, 
muscle). 
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Fig. 2. Rate of decrease in concentration of radioactive sulfur in cystine, meth- 
ionine, and in the total sulfur of rat liver proteins labeled by feeding methionine con- 
taining radioactive sulfur, and per cent of the dose excreted in urine and feces. The 
units on the ordinate are either standard specific activity (referring to the liver 
curves) or per cent (referring to the urine and feces excreted). © liver methionine, 


A liver total sulfur, O liver cystine. The upper section of cross-hatching repre- 
sents feces, the lower urine. 
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H. TARVER AND L. M. MORSE 57 


activity in the methionine administered (C) per milliequivalent. When 
this formula is used, it is assumed that the specific activity of any given 
sample is proportional to C?, and inversely proportional to the weight of 
the methionine in the dose and of the weight of the animal. But the 
treatment of the experimental data implied, and the doses of methionine 
used were such, that the specific activity of any sample was independent 
of the dose of methionine given. The methionine was a tracer dose. Also 
the specific activity of any sample is proportional to C, not to C?. Con- 
sequently, it is necessary to abandon this method of expression and adopt 
one which will be referred to as standard specific activity (S.S. A.), where 


8. A. of sample x 10? x W 
C 


8.5. A. = 





When this method of calculation is used, the results obtained with dif- 
ferent species are brought into line.? 


Results 


The main results are shown in Figs. 1 and 2. The results for the urine 
sulfur given in Fig. 2 are from the Ist day’s urine of the rats of Groups 1 
and 2. All other figures for urine excretion are from Group 2 only. Ex- 
cretion of sulfur in the feces, shown in Fig. 2, is from the rats in Group 2 
only. 

Results for urine and feces are expressed as per cent of the dose fed. 
All other results are in terms of standard specific activity. 

The amount of radioactivity used in these experiments was much lower 
than that necessary to obtain accurate results, particularly for the less 
active tissues. For some tissues such as spleen it was necessary to com- 
bine samples from several rats in order to get significant values for the radio- 
activity. Determinations on the residues were performed in duplicate, 
but the radioactivities observed were so low that at times the agreement 
between the duplicate results was very poor. Had the necessary amounts 
of radioactivity been available, it would have been preferable to use 10 
or more times as many counts per rat. 


DISCUSSION 


It is seen from the results that the radioactivity in the residues of the 
rats stayed constant within the error of the determinations. These resi- 
dues consisted of muscle, skin, hair, and bone, together with the remaining 


2 The work (6, 9) in which the erroneous expression was used, involved only meth- 
ionine of the same specific activity; so the results are quite comparable within them- 


selves and can be corrected if desired by multiplying by a factor (S. A. of methionine 
X 10-§ = 2.23). 
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blood, and actually most of the radioactivity retained by the animals 
is present here. Therefore the specific activity of the residues is approxi- 
mately the same as that of the average isotope concentration of the whole 
animal. According to Shemin and Rittenberg, the isotope concentration 
in every tissue protein should approach this value with time, from either 
direction. This assumes that the isotope in all tissues is in equilibrium 
with that in all others. However, the isotope once fixed in hair and skin 
ceases to be in equilibrium with that in the rest of the organism. Con- 
sequently, it may be considered that the isotope entering these tissues 
is lost in the same way as is isotope excreted into the urine. Therefore, 
because the isotope undoubtedly went into the hair (8), there must be so 
much less isotope capable of being exchanged with other tissues. There 
is no true constant average isotope concentration, but a steadily falling 
one. On this account no certain deductions can be made about the half 
life of any given tissue protein by using an average isotope concentration 
as reference. Such comparisons are of undoubted value but not as meas- 
ures of true rates. 

In the present experiments there is an additional difficulty in interpret- 
ing the rates. This is due to the conversion of methionine to cystine. 
As is shown in Fig. 2, the rate of fall of isotope concentration in the meth- 
ionine of the liver protein is considerably greater than the rate of fall 
determined on the basis of total sulfur. The rate of fall of isotope con- 
centration for cystine is correspondingly low. Previous studies have 
shown the conversion of methionine to cystine in tissues other than the 
liver (9); therefore similar situations must prevail elsewhere even if the 
cystine is not distributed to any great extent via the circulation. How- 
ever, for comparative purposes between animals under different conditions, 
this probably does not seriously detract from the usefulness of such de- 
terminations. 

The approach of the isotopic concentration in all tissues to an approxi- 
mately constant value and the slow loss of isotope into the urine is estab- 
lished by both these results and those of Shemin and Rittenberg. We 
fail to see where the results are in disagreement with the concept of endogenous 
metabolism as formulated by Folin (10). There is a slow net breakdown of 
tissue protein which is indicated in the isotope experiments by a loss of 
either N® or S* into the urine, just as in the data basic to the Folin theory 
there is a slow net breakdown of tissue protein indicated by a loss of creat- 
inine and neutral sulfur into the urine. Indeed, isotope experiments can 
perhaps provide a direct measure of the endogenous protein metabolism, 
whereas the creatinine is only an indirect index of the same. 

The term endogenous metabolism therefore remains useful as a descrip- 
tion of the net results of the metabolism of protein and related substances. 


| 
| 
| 


Thi 
is il 
pro 
pro 
org 


wit: 
of : 
ag 
lisn 
tiss 
of ¢ 


ing 
pro 
wit 
loss 





ils 
<1- 
le 


H. TARVER AND L. M. MORSE 59 


This type of metabolism proceeds slowly, and it is quite obvious that it 
is impossible to explain the rapid uptake of isotopic amino acid by the 
proteins of tissues such as intestinal mucosa by the operation of this slow 
process. The Folin deductions concerning protein breakdown within the 
organism are proved to be untenable by the isotope experiments. 

The processes which result in the formation and breakdown of proteins 
within the organism and which must be responsible for the rapid uptake 
of amino acids have been referred to by Borsook and Keighley (11) as 
“eontinuing metabolism.” Owing to the existence of this form of metabo- 
lism, isotopic amino acid is rapidly incorporated into the protein of many 
tissues. The continuing metabolism of such tissues is high, whereas that 
of certain other tissues, such as muscle, is low. 

Following the incorporation of the amino acid into the rapidly metaboliz- 
ing tissue proteins, there is a slower exchange of the amino acid in these 
proteins with the same amino acid in the tissue proteins of those tissues 
with low rates of continuing metabolism. In this process there is little 
loss of the amino acid or the products of its catabolism into the urine. 
Endogenous catabolism is slow. 

Compared with the liver protein, the data show that the concentration 
of isotope 1 day after feeding methionine is greater in the plasma than 
in the liver. But the major part of the plasma protein is formed in the 
liver (9); consequently the liver must have formed plasma protein and 
passed it into the circulation faster than it formed its own cellular protein. 
The livers were not perfused, so that the true difference in concentration 
must have been greater than those actually observed. Later it is seen 
that the situation is reversed. This must be due to loss of isotope from 
plasma protein into other tissues including the liver and into the urine as 
products of catabolism. Plasma proteins probably mediate the equilibra- 
tion or interchange of amino acids between the proteins of tissues. If 
they were interchanged only through the mediation of the free amino 
acid of the plasma, then a greater daily loss of isotope into the urine would 
have been anticipated. That is, the endogenous catabolism would have 
been larger than that observed. As isotopic protein broke down, the 
isotopic amino acid passing into the plasma would be diluted with the 
same amino acid from the food and would be lost by the operation of the 
general catabolic process. Actually after the lst day there is little loss of 
isotope into the urine, and the formation of plasma protein (and liver 
protein) may be considered to act as a buffer to prevent the loss of amino 
acid by the operation of the processes of exogenous metabolism. This 
process of catabolism may be brought to the fore by flooding the organism 
with amino acid, particularly a single amino acid, all of which cannot be 
synthesized into plasma protein. 
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The data also show the outstanding activity of intestinal mucosa and 
kidney in respect to the uptake and release of the label. Friedberg (12) 
has already interpreted the activity of the mucosa as being due to the rapid 
synthesis of protein by this tissue for the formation of the secretion poured 
into the gut. Since the high uptake is also observed when the compound 
is injected into rats or dogs (9) and in experiments with chopped tissue, 
the explanation is probably correct, but the secretion of protein by the 
intestinal mucosa into the circulation is not excluded by any experimental 
work so far carried out. The question, therefore, remains as to whether 
these outstandingly active tissues such as intestinal mucosa and kidney 
contribute to the formation of blood protein to any significant extent. 

Brain and spleen show an apparent inactivity with regard to the uptake 
of isotope, but this may be due as much to impermeability of the brain 
tissue to amino acid (13) as to slow rate of uptake of amino acid by the 
protein. The significance of the humps observed in these two curves on 
the 2nd day is doubtful. Here the data are from four rats only, and owing 
to the small amount of tissue concerned, the error in the determinations 
may be quite large. 

The small loss of radioactivity into the urine and feces, even though half 
of the methionine fed was of the p configuration, is worthy of note. This 
should be contrasted with the results of Shemin and Rittenberg (1) and of 
Schoenheimer, Ratner, and Rittenberg (14) who observed much larger 
amounts of isotopic nitrogen in the urine after feeding glycine and leucine. 
In part, these results must be attributed to the relatively higher doses of 
these amino acids fed compared with the tracer doses of the methionine 
used in these studies. 


SUMMARY 


1. When methionine labeled with radioactive sulfur is fed to rats, the 
concentration of radioactive sulfur after 24 hours is greatest in the proteins 
of the intestinal mucosa and decreases in the order of kidney, plasma, 
liver, spleen, and brain. The residue of skin, hair, and muscle has a very 
low concentration of radioactive sulfur. 

2. During the following 14 days, most of the radioactivity is lost from 


the active tissues and the isotope concentration throughout the animal 


becomes more or less stabilized at a lower level. 

3. About 7 per cent of the administered radioactivity appears in the Ist 
day’s urine. Thereafter the output decreases until on the 9th day there is 
only about 0.5 per cent in the urine. The total excretion into the urine in 
the 14 day period is estimated to be less than 20 per cent of the dose. 

4. The maximum output of about 2 per cent of the administered dose 


* Kornblum, R., and Tarver, H., unpublished work. 
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appears in the feces on the 2nd day. In succeeding days the output de- 
creases and the total excretion in the 14 day period is estimated to be 
about 8 per cent of the dose. 

5. The rate of loss of the isotope from the methionine in the liver protein 
is greater than from the cystine in the same tissue. This complicates the 
interpretation of the data. ' 

6. The relationship of these results to the theory of protein metabolism is 
discussed. 
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SIMPLIFIED CALCULATIONS OF THEORETICAL DIS- 
TRIBUTIONS AND PARTITION COEFFICIENTS 
FOR COUNTER-CURRENT EXTRACTIONS 


By S. V. LIEBERMAN 
(From the Wyeth Institute of Applied Biochemistry, Philadelphia) 
(Received for publication, September 27, 1947) 


The recent paper cf Williamson and Craig (1) should advance the use of 
counter-current extraction processes as a potent laboratory implement. 
The general usefulness of the method in research laboratories is due to the 
work of Martin and Synge (2), who showed that the process could be 
expressed mathematically as a binomial expansion, and to the development 
of the method and a compact apparatus by Craig (3). 

In applications in these laboratories it became necessary to plot a number 
of theoretical distribution curves. To lighten a tedious calculation task, 
a method was developed which lent itself to the use of an ordinary adding 
machine, permitting the calculation of a complete distribution in a very 
short time. The determination of the partition coefficient from the peak 
of an experimental distribution curve was also developed as a corollary. 
The method and calculated values for a series of partition coefficients for 
both eight and twenty-four transfer processes are presented, since the 
availability of the data and the ease of calculating new data as needed 
should make laboratory scale counter-current extraction more generally 
useful. 

The general term of the expansion of the binomial 


1) nm py 
( l+k 1+k 


is 
(2) n! kr 


~ 


Pg tees) ¢ anions 

rin —r)! (1 +k) 
where 7’, is the fraction present in the rth tube (plate) of the total 
material distributed through n tubes, and k is the distribution coefficient. 
On dividing 7, by T,-1 
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The last term of equation (3, b) becomes 24/1, 23/2, 22/3 ... 3/22, 2/23, 
1/24 forn = 24 and 8/1, 7/2 ... 2/7, 1/8 forn = 8. The corresponding 
logarithms are given in Table I. 


TABLE | 
Logarithms of (n + 1 — r)/r forn = 8andn = 24 











Sta gs | EES es BEE ke Elke 
r r | r r 
8/1 | 0.9031 24/1 |1.3802| 16/9 | 0.2499 8/17 | 9.6726 — 10 
7/2 | 0.5441 23/2 |1.0607, 15/10 | 0.1761 | 7/18 | 9.5898 — 10 
6/3 | 0.3010 | 22/3 (0.8653) 14/11 | 0.1047 | 6/19 | 9.4994 — 10 
5/4 | 0.0969 21/4 |0.7202| 13/12 | 0.0348 | 5/20 | 9.3979 — 10 


4/5 | 9.9031 —10| 20/5 (0.6021) 12/13 | 9.9652 — 10} 4/21 | 9.2798 — 10 
3/6 | 9.6990 — 10] 19/6 0.5006} 11/14 9.8953 — 10| 3/22 | 9.1347 — 10 
2/7 | 9.4559 — 10| 18/7 |0.4102} 10/15 | 9.8289 — 10) 2/23 | 8.9393 — 10 
1/8 | 9.0969 — 10| 17/8 0.3274) 9/16 | 9.7501 — 10} 1/24 | 8.6198 — 10 























TABLE II 
Theoretical Per Cent Distributions for Eight Transfer Counter-Current Extractions 
k 
r os = cian - 
07 | 08 - s me | T ee Tt he | 1.5 2.0 
See ee eee specie toca = 
0 14 | 09 | 06 | 04 / 03 | 02] 01 | 0.0 
1 8.0 | 58 | 4.2 | 31 | 23 | 18 | 08 | 0.2 
2 19.7 | 16.3 | 13.3 | 10.9 9.0 74) 4:3 7 
3 27.6 | 26.0 | 24.0 | 21.9 | 19.7 | 17.7 | 12.4 6.8 
4 23.6 | 26.0 | 27.0 | 27.5 | 27.1 | 26.5 | 23.2 | 17.1 
5 13.2 | 16.6 | 19.4 | 21.9 | 23.9 | 25.4 | 27.9 | 27.3 
6 4.6 | 6.7 | 88 | 10.9 | 13.1 | 15.2 | 20.9 | 27.3 
7 0.9 | 16 | S41 62) 43 5.2 | 9.0 15.6 
8 0.1 | 0.2 | 0.3 | 0.4 0.6 O8 | 17 3.9 
SO | ee eee Pe Se ee 
Total......| 99.1 F 0 | 99.8 | 100.1 | 100.1 100.2 | 100.1 | 99.9 


The log of the zero term is obtained by substituting r = 0 in equation 
(2) and expressing logarithmically 


(4) log To = —n log (1 + k) 
(4, a) log To 


—24 log (1 + k) 
(4, b) log To = —8 log (1 + k) 
The calculations may now be carried out with the aid of an adding 


machine. Thelog of the zero term from equation (4, a) or (4, b) is placed on 
the tape, log k is added, log (n + 1 — r)/r is added, and the subtotal re- 
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; corded on the tape is log 71. Successive subtotals obtained by adding log k 
g and the corresponding log (n + 1 — r)/r are successive log T, values. 
Calculated values for various k values for eight transfers and for twenty- 
four transfers are given in Tables II and III. The numerical fractions 
obtained from the calculations have been multiplied by 100 per cent and 
| are recorded in Tables IT and III as percentages which are more generally 
| Tape III 
| Theoretical Per Cent Distributions for Twenty-Four Transfer Counter-Current 
0 Extractions 
0 _ — — 
0 | ; A 
~ \ 0.7 0.75 0.8 0.9 1.0 1.1 1.2 sy 2.0 
0 0 | 
0 1 
0 | 0.0 0.0 0.0 
3 0.2 0.1 0.1 0.0 | 0.0 | 
4 0.8 0.5 0.3 0.1 0.1 0.0 0.0 | | 
| 5 2.1 1.5 1.0 0.5 0.2 | 0.1 0.1 | 
ns j 6 4.7 3.5 2.6 1.5 0.8 0.4 0.2 0.0 
7 8.4 6.8 5.4 3.4 2.1 1.2 0.7 | 0.2 0.0 
8 12.5 10.8 9.2 6.5 4.4 2.9 1.9 0.5 0.1 
9 15.5 14.4 13.1 10.3 7.8 5.7 4.1 | 1.4 0.2 
10 16.3 16.2 15.7 14.0 | 11.7 9.4 to | Oe 0.7 
) ll 14.5 15.5 | 16.0 | 16.0 | 14.9 | 18.2 | 11.2 | 6.1 | 1.8 
: 12 11.0 12.5 | 13.9 | 15.6 | 16.1 | 15.7 | 14.6 | 9.9 | 3.9 
13 eek 8.7 10.0 12.9 14.9 | 15.9 16.2 | 13.7 | 7.2 
} 14 3.9 5.1 6.4 | 9.2 | 11.7 | 13.8 | 15.2 | 16.1 | 11.4 
15 1.8 2.6 3.4 | 5.5 | 7.8 | 10.1 | 12.2 | 16.1 | 15.2 
16 U7 1 1.5 3.4 4.4 6.2 | 8.2 | 13.6 | 17.1 
17 0.2 0.3 0.6 1.4 2.1 3.2 4.6 | 9.6 | 16.1 
} 18 0.0 1D 0.2 0.5 0.8 1.4 2.2 | 5.6 | 12.5 
) 19 0.0 0.0 | 01 | 02 | 05 | 08 | 2.6 | 7.9 
20 0.0 0.1 | 0.1 0.2 | 10 | 3.9 
) 21 0.0 | 0.0 | 0.1 | 08 | 1.5 
22 0.0 0.1 0.4 
23 0.0 | 0.1 
on 24 0.0 
useful, since experimental samples are rarely of unit weight, and the deter- 
mination of the distribution may be in units other than weight, e.g. activity. 
In using Tables IT and III, or plots constructed from them, it must be 
' remembered that in the Craig apparatus the upper phase moves, and these 
ng calculated values correspond to a moving upper phase. In using separatory 
on funnels, the lower phase moves, and to compare experimental distribution 
re- 
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curves to theoretical curves it is not necessary to recalculate theoretical 
distributions by means of the reciprocal of the partition coefficient, since 
merely plotting experimental distributions against tube numbers in descend- 
ing rather than ascending order has the same effect. Experimental dis- 
tributions must be expressed as percentages of the whole before plotting 
the curve for comparison with theoretical curves. An additional condition 
is inherent in the development, which assumes equal volumes of upper and 
lower phases. 

An experimental partition coefficient may be determined from a sharp 
peak of an experimental distribution curve. In equation (2), 7’, is a func- 
tion of k and the differential of 7’, with respect to r is the slope of the dis- 
tribution curve and is zero on passing through the maximum. ‘The opera- 
tion is simplified by first writing the Napierian logarithm of equation (2), 
since the maxima of the numerical and the logarithmic curve both fall at 
the same r. 

(5) In T,= Inn! +rink — Inr! — In (n — rr)! — nin (1 + &) 
By differentiating equation (5) with respect to r 
ain s, dinr! dln(n— 7)! 


5 ee ade bi cee 
(6) dr ,, dr dr 


equating the slope to zero 


dinr! dIn(n-— Yr)! 
aa “h ‘anes 


7 Ink = 
(7) ss dr dr 
din r! i -@ 
(8) = = + = Ir(r — 1)(r — 2)(r — 3) + | 
dr r! dr 
(8, a) dinr! 1 ‘ 1 1 ; ] 
8a Sree ee A if. Ler 
. dr r ag Se" one a 
. din(n — 1)! 1 "ee j ue ; 
a i. ak EET gp le —r)(n—1l—r(n—2—-r)(n-3 - 
9, a) din(n— 71)! pe 1 . 1 1 
Qa = —_ = —| - - ve 
: dr ie aha Koa Baas 


substituting in equation (7) from equations (8, a) and (9, a), and letting 
n = 24 


age) a es ew pot in gee eer ee a 
( ee ; oak ee 24—r 23-r 2-r- 


Equation (10) which is used for calculating the Napierian logarithm of 
a partition coefficient giving a peak at any tube number, is fortuitously 
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adaptable to the-wse of an adding machine. The calculations were per- 
formed for n = 24 to correspond to the Craig apparatus, and the results are 
given in Table IV. Every third value corresponds to one in an eight trans- 
fer series, and each value corresponds to a value for an even numbered r in 
a forty-eight transfer series. Since interpolation for higher r values is 
inaccurate, the values for the odd numbered r may be obtained from a 
curve based on Table IV. 

The per cent purity of a sample is properly given by the ratio of the area 
under the experimental curve, corrected by adjustment for the partition 


TasBie IV 


Partition Coefficient Corresponding to Peak of Experimental Curve 

















n | n | | n 
k k k 
8 24 48 8 24 | 48 | 8 24 48 
0 0 0 |0.023|} 3 9 | 18 | 0.614 | 17 | 34 | 2.33 
1 2 | 0.065 | 10 | 20 Mind 6 | 18 | 36 | 2.84 
2 4 | 0.101 | 11 | 22 | 0.852 19 | 38 | 3.53 
1 3 6 | 0.163 fj 2 24 11.0 | 20 | 40 | 4.61 
1 | 8 | 0.217 | 13 | 26 [1.17 | 7 | 21 | 42 | 6.12 
5 | 10 | 0.283 | 14 | 28 11.38 | 22 | 44 | 8.91 
9 6 | 12 |0.352| 5 | 15 | 30 | 1.63 | 23 | 46 15.3 
7 | 14 | 0.430 | 16 | 32 | 1.94 | s | 24 | 48 |43.2 
8 16 0.515 | | | | 

















coefficient corresponding to the peak, to the area under the theoretical 
curve for the same partition coefficient. The area can be shown to be 
(n!)"(k)”*/? 


. A= *— 
”) (1 +k)” 


which need not be used, since the area is the product of 7’, and a function 
of r which is the same for both the experimental and the theoretical curves. 
The ratio of the areas, and hence the percentage, may be expressed by the 
ratio of the experimental 7’, to the corresponding theoretical T,. The 7’, 
selected for the ratio should be of the tube containing the minimum impurity 


and can be selected by inspection of the curves, but is not necessarily the 
maximum T7’,. 


SUMMARY 


A simplified method for calculating theoretical distributions for counter- 
current extractions with either separatory funnels or the Craig apparatus 
has been presented, together with a series of calculated values. A quick 
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determination of the partition coefficient from the location of the peak of 
an experimental curve has also been pointed out. 


Thanks are due Mr. Martin Kuna for valuable assistance rendered in 
numerous discussions and by the critical application of the theoretical 
curves. 
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BIOLOGICAL PRECURSORS OF URIC ACID* 


I. THE ROLE OF LACTATE, ACETATE, AND FORMATE IN THE SYN 
THESIS OF THE UREIDE GROUPS OF URIC ACID 


By JOHN C. SONNE, JOHN M. BUCHANAN, ann ADELAIDE M. 
DELLUVA 


(From the Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, September 10, 1947) 


Search for the biological sources of the ureide carbon atoms of uric acid 
has centered chiefly around compounds similar in structure to the ureide 
group of uric acid. One of the earliest studies on the precursors of uric 
acid was made by Wiener (3), who postulated that uric acid was formed 
by the condensation of 2 moles of urea with 1 of tartronic acid. Although 
this hypothesis was at first attractive, it has, however, been disproved as 
the mechanism of the biosynthesis of uric acid by several investigators using 
both in vivo and in vitro techniques (4-10). 

Pyrimidines (11), which are likewise related to purines, have also been 
excluded as precursors of uric acid, since they are oxidized almost quantita- 
tively to urea by the mammal. More recent isotopic experiments of Plentl 
and Schoenheimer (12) also provide convincing evidence that pyrimidines 
do not participate in uric acid synthesis. 

A more serious difference of opinion, however, has persisted among 
investigators until recently concerning histidine and arginine as the pre- 
cursors of purines or purine derivatives. The opening investigations on 
thisssubject were made by Ackroyd and Hopkins (13), who postulated that 
the imidazole nucleus of allantoin could be derived from either of these 
amino acids. Subsequent data obtained by comparing urie acid or al- 
lantoin excretion of animals fed diets high and low in these amino acids 
have not been altogether conclusive or in agreement (14-19). Results 
obtained by the isotope tracer technique, however, do not confirm the point 
of view that histidine or arginine may be precursors of uric acid (10). The 
feeding of N'-labeled ammonium citrate to rats and pigeons led to the 
incorporation of N!° into purines of the tissues and uric acid or allantoin of 
the excreta in much greater concentrations than in histidine or arginine of 
the tissue proteins. Moreover, uric acid isolated after the administration 
to the pigeon of arginine labeled with N™ did not contain significant 
umounts of N' (20). These findings have led to the conclusion that the 


* A preliminary report of these studies has been published (1,2). Aided by a grant 
from the American Cancer Society. 
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reactions proposed by Krebs and Henseleit (21) for the synthesis of urea in 
the rat do not apply to the synthesis of a structurally related substance, 
the ureide group of uric acid. 

The demonstration by Barnes and Schoenheimer (10) that N™® of am- 
monium citrate is readily incorporated into uric acid has suggested that the 
ureide carbon might be derived from some simple metabolic unit. In 
order to test this possibility several isotopic compounds important in 
intermediary metabolism, namely C"O., HC®OOH, CH;C®OOH, NHb)- 
CH,C¥OOH, CH;CHOHC*OOH8H, and C¥H;C"HOHCOOH, were prepared 
and administered to pigeons. The excreted uric acid was degraded by 
chemical procedures and information has been gained concerning the 
origin of each of the carbon atoms of uric acid. In the present paper 
experiments dealing with the sources of the ureide carbon will be reported. 
In the following paper experiments concerning the precursors of the carbon 
chain of uric acid are described. 


EXPERIMENTAL 


Organic Syntheses—Isotopic compounds were synthesized for the most 
part by procedures described by Sakami, Evans, and Gurin (22). ‘These 
procedures consisted of standard organic reactions modified for synthesis of 
compounds with C'. Carboxyl-labeled acetate was prepared from 
isotopic CO, and methyl iodide by the Grignard reaction, carboxyl-tagged 
glycine by the hydrolysis of ethyl phthalimidoacetate (23) prepared from 
potassium phthalimide and carboxyl isotopic ethyl bromoacetate. This 
latter compound was synthesized according to the method of Auwers and 
Bernhardi (24). Carboxyl-labeled lactate was synthesized according to 
the method of Cramer and Kistiakowsky (25), a- or B-tagged lactate by 
the method of Cramer and Kistiakowsky (25) as modified by Sakami, 
Evans, and Gurin (22). Formic acid was prepared by the hydrolysis of 
hydrogen cyanide (26). 


Procedure 


Pigeons used in this experiment weighed 295 to 323 gm. with an average 
weight of 310 gm. All birds had been fasted for 1 day. During the 
experiment the pigeon was kept on a wire screen in a large desiccator 
through which was passed a stream of CO,-free air. Collections of respira- 
tory COz were made at 15, 30, 60, or 120 minute intervals during the experi- 
ment by passing the respiratory gases through a solution of NaOH and by 
precipitating the carbonate as BaCQ3. 

3 cc. of a solution containing 20 mg. of N'°H,Cl (3.7 atoms per cent 
excess) and from 0.5 to 1.0 mm of the isotopic compound were alternately 
fed or injected intraperitoneally at intervals of 2 hours. Acidic substances 
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were administered as the sodium salt. Glycine and the two types of 
isotopic lactate were administered at the rate of 0.5 mm per hour, NaHCO; 
and formate at the rate of 0.75 mm per hour, and acetate at the rate of 1 mm 
per hour. The method of administration of solutions was changed in the 
experiment with NalHC¥0O;. In this case 2.5 cc. of a solution containing 
0.38 mm of NaHCO;, 10 mg. of N!H,Cl, and 25 mg. of glucose were 
administered every 30 minutes. The duration of the experiments was from 
16 to 20 hours, except in the experiments with glycine and formate. Be- 
eause of the small amount of glycine available to us, four administrations 
were made over a period of 8 hours and the experiment was not concluded 
until the end of the 10th hour. The experiment with formate was con- 
cluded at the end of the 12th hour. In the experiments with acetate, 
formate, and lactate the pigeons were sacrificed and the contents of the 
peritoneal cavity and enteric tract collected. These washings were 
cleared with colloidal iron and copper-lime and the unabsorbed volatile 
acids or lactate were determined by the methods of Friedemann (27) and 
Friedemann and Graeser (28) respectively. From these determinations 
the amounts of these substances absorbed during the experimental period 
were calculated. 93, 94, 78, and 91 per cent of the administered acetate, 
formate, carboxyl-labeled lactate, and @ ,8-tagged lactate respectively were 
absorbed. 

In a supplementary experiment performed with a rat, 3 cc. of a solution 
containing | mo of carboxyl-labeled acetate, 50 mg. of glucose, and 30 mg. 
of NH,Cl were fed every hour for a period of 4 hours. At the conclusion of 
the experiment urea carbon was liberated from the urine as CO» by urease. 
Samples of respiratory CO, were also collected. 

In the experiments with pigeons uric acid was isolated from the excreta 
and purified by the method of St. John and Johnson (29) as modified by 
Fisher (30). Urie acid obtained by this procedure was suspended in 40 ce. 
of water, dissolved with a minimum amount of NaOH, decolorized with 
carboraffin, and reprecipitated with HCl. This procedure was repeated 
until a pure white product was obtained. 

Degradation of Uric Acid—The conventional numbering system, shown 
in Scheme | of the following paper, has been used to designate the position of 
the carbon atoms of the uric acid molecule. Carbons 2 and 8, representing 
the ureide carbons of the pyrimidine and imidazole rings of uric acid re- 
spectively, may be separated from the other carbons of uric acid and from 
each other by appropriate degradation procedures. The first procedure is 
a modification of a method described by Edson and Krebs (31). The 
exact details of the method of degradation of uric acid with alkaline 
MnOz into COs, glyoxylic acid, and urea may be found in the accompanying 
paper. Urea produced by the alkaline oxidation of uric acid was extracted 
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by a suitable procedure and converted into CO. by urease (32). Since this 
urea is derived equally from carbons 2 and 8, isotopic analysis of this 
fraction gives an average of the C™ concentration of these 2 carbon atoms. 
When this urea contained no excess of isotope, it was concluded that neither 
carbon 2 nor 8 was isotopic and further degradation procedures were usually 
notemployed. If, however, this fraction contained C™, a second oxidation 
procedure was used by which it was possible to obtain carbons 2: and 8 
separately (33). In this procedure urea containing carbon 8 was obtained 
by oxidizing uric acid with KCIOs in strong HCl (34). Alloxan, the other 
product of the reaction, was reduced to alloxantin with H.S (34) and the 
insoluble crystalline alloxantin was isolated. Alloxantin was subsequently 
oxidized by PbO, to urea containing carbon 2 (34). The oxidation with 
PbOs, a modification of a procedure described by Liebig and Wohler, was 
carried out at 100° for 20 minutes. The urea fractions obtained in each 
case were treated with urease to liberate COs. 


Results 


Oxidation of Administered Substances—No attempt was made in these 
studies to follow in detailed manner the rate of oxidation of the various 
substances administered to pigeons. In previous studies on rats it has 
been found that 2 hours after the administration of carboxyl-labeled acetate 
(35), carboxyl-labeled lactate (36), a- and 8-labeled lactate (37), and 
carboxyl]-labeled glycine (38) respectively, 36, 16, 8, and 4 per cent of the 
administered isotope are liberated as CO, in the respiratory gases. Since 
in the present experiments measurement was not made of the total amount 
of C’* excreted, it is not possible to express C8 excreted in terms of per cent 
of the amount administered. However, an approximate estimation of the 
rate of oxidation of the administered substance may be made by comparing 
their ‘‘coefficients of oxidation.” The ‘coefficient of oxidation” is arbi- 
trarily defined as 

100 Xx o concentration of CO: of respiratory gases 
mmM excess C'® given per hr. 
where millimoles of excess C¥ given per hour X 100 = C8 concentration 
(atoms per cent excess) of carbon atoms labeled the number of atoms 
labeled X the rate of administration of isotopic compound. 

As may be seen in Column 8 of Table I, the carboxyl carbon atoms of 
acetate and glycine and the a- and 8-carbon atoms of lactate are all ex- 
creted as CO by the pigeon to approximately the same extent. There is 
the possibility that the carboxyl carbon atom of lactate is excreted at a 
rate somewhat greater but in the same order of magnitude as the labeled 
carbon atoms of the other compounds. 
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Since the metabolism of isotopic formate has not been studied previously 
in vivo, a more thorough investigation was made of the rate of oxidation of 
this substance. In Table II is reported the C* concentration of the 


TABLE I 
Precursors of Ureide Carbon Atoms of Uric Acid in Pigeon 


—_—————————————————— Sanna 
































| C8 concentration (atoms per cent 
| excess) Oxi 
Exper f | Rate ——— ~ 
| recursor | given bie a Respis- coef 
carbon Ceara ar cone wr od 
| 2 | 8 
“ay 4 (2) | (3) (4) (5S) | (6) (7) (8) 
‘iit the is mM per 
hr. 
lf | OF05 | 0.75 8.13 | 0.02 | 0.02 | 0.28 
2t | HC*OOH | 0.75 3.34 | 2.41 | 2.41 | 0.01 0.5 
7, CH,C*OOH | 1.00 | 5.82 | 2.02 | 2.10} 0.26 | 4.5 
4 | NH,CH,C*O0OH | 0.50 | 5.20 | 0.00 | 0.00 0.12 4.6 
5t | dl-CH;CHOHC*OOH | 0.50 | 8.80] 0.01 | 0.01 | 0.25 | 5.8 
6 |  dl-C*H,C*HOHCOOH |0.50 | 5.40 | 0.10 | 0.10 | Ou | 4.1 





C* = carbon atom labeled with C}%. 

+ The values reported for the C18 concentrations of uric acid carbons 2 and 8 in 
Experiments 1, 2, and 5 are the C!4 concentrations of the mixed urea carbons. Fur- 
ther degradation procedures to separate carbons 2 and 8 were not performed in these 
experiments. 


TABLE II 
Appearance of Isotopic CO, in Respiratory Gas after Administration of Isotopic 
Formate to Pigeon 
3 cc. of asolution containing 8.7 mo of isotopic formate (3.34 atoms per cent excess 
C}3), 0.75 gm. of glucose, and 6.3 mm of NH,Cl in a total volume of 18 ec. were ad- 
ministered six times at 2 hour intervals to a 360 gm. pigeon. 


























His. after 1st adminis: | respiratory COs (atoms | Hts. after tst adminis | espiratory COs (atoms 
per cent excess) per cent excess) 
1 0.01 6 0.02 
2 | 0.02 7 0.00 
3 0.09 8 0.02 
4 | 0.01 9 \" 0.01 
5 | 0.02 10 0.02 


VOIR. 8s tewnretess a eit dead bo oaay se abana ae paar 0.013 





respiratory CO: of samples taken every hour for the first 10 hours of the 
12 hour experiment. As may be seen, the C™ concentration of the CO, 
is very low throughout the entire experiment and within the experimental 
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error of the mass spectrometer. When the average of the excess C' found 
in these samples is used in the calculation of the ‘oxidation coefficient” 
(Tab'e I), a value for the ‘oxidation coefficient” is obtained which is far 
below that of the other compounds. It would thus seem that under the 
conditions of this experiment formate is not further oxidized or, at most, 
very slowly oxidized to COz by the pigeon. The absence of isotopic CO, 
in the respiratory gases was not due to lack of absorption of the isotopic 
formate. The inability of the pigeon to oxidize formate, however, does 
not mean that formate may not enter into metabolic reactions. As shown 
in Table I, formate participates in the synthesis of uric acid. 

Metabolic Origin of Carbons 2 and 8 of Uric Acid—After the administra- 
tion to pigeons of the six compounds listed in Table I, it was found that the 
carboxy! carbon atoms of acetate and formate and the a- or B-carbon atom 
of lactate contributed the ureide carbon atoms in the synthesis of uric acid, 
but that CO, and the carboxyl carbon atoms of lactate and glycine did not 
participate to any measurable extent. In two instances where C® appeared 
in ureide carbon of uric acid after the administration of isotopic compounds 
(z.e. Experiments 3 and 6), uric acid was degraded by the procedure which 
permitted the separation of carbon atoms 2 and 8 for isotopic analysis. 
The fact that the concentrations of C™ of carbon atoms 2 and 8 in both 
experiments are essentially equal argues for the belief that both ureide 
carbon atoms are formed from the same source (7.e., acetate, lactate, or 
formate) and that a part of the uric acid molecule is not derived preferen- 
tially from a pyrimidine or imidazole ring compound of the body tissues or 
diet. 

From the concentration of C” in the carbon of the substances adminis- 
tered and in carbon atoms 2 and 8 of the uric acid isolated and from other 
data reported in the literature, an estimation may be made of the extent to 
which the above compounds participate in uric acid synthesis. After the 


administration of formate containing 3.34 atoms per cent C® to a pigeon, , 


uric acid was isolated containing 2.41 atoms per cent excess C™ in the 
ureide carbon atoms. It may thus be calculated that 72 per cent of the 
ureide carbon of the newly formed uric acid was derived from the adminis- 
tered formate. In addition to formate which is readily utilized in the 
synthesis of ureide, the carboxyl carbon of acetate is also an important 
precursor of this group, an indication that formate and acetate may be 
closely linked in avian metabolism. After the administration of acetic 
acid labeled in the carboxyl group with 5.82 atoms per cent excess C", 
it was found that the uric acid isolated contained 2.02 and 2.10 atoms per 
cent excess C' in the 2 and 8 positions respectively. This demonstrates 
that the (2.10/5.82) X 100 or approximately 35 per cent of the ureide car- 
bon of uric acid was derived from the acetate administered. 
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From the experiments of Bloch and, Rittenberg (39) it is known that a 
300 gm. rat may form 50 ma of acetate per day. Although the difference 
of experimental conditions makes it difficult to estimate from these data 
the amount of acetate formed by a 300 gm. pigeon, a rough approximation 
may be made to ascertain the order of magnitude. Since Experiment 3 
was of 16 hour duration, the pigeon may have formed as much as 33 mM 
of acetate. Since 16 mm of isotopic acetate were administered during this 
time, 1 part of isotopic acetate may have been diluted by 2 parts of meta- 
bolically produced non-isotopie acetate. The C™ concentration of the 
carboxyl carbon of acetate which takes part in metabolic reactions would 
be approximately one-third that of the carboxyl carbon of the administered 
acetate or 1.91 atoms per cent excess. This latter value approximates very 
closely the value of the C” concentration of the ureide carbon atoms of 
uric acid. These calculations may indicate that acetate is the mother 
substance from which ureide carbon is derived and suggest that formate is 
either an intermediate between acctate and the ureide group or may readily 
be converted into an intermediate of this reaction. 

Isotopic carbon of a,8-labeled lactate is probably converted into ureide 
carbon by virtue of the fact that the carboxyl] carbon of acetate may be 
derived from the a-carbon of lactate. The utilization of the a-carbon of 
lactate for ureide synthesis is perhaps less than was expected. It should be 
noted that the experiments with a, B-tagged lactate and ureide formation 
have only qualitative importance, in view of the fact that in this one in- 
stance the administered lactate was contaminated with non-isotopic for- 
mate which may have served to dilute isotopic ureide carbon formed by the 
metabolism of a ,6-tagged lactate by the bird. It was not appreciated at 
the time of the experiment with a,6-tagged lactate that formate played 
a role in avian metabolism. In a subsequent experiment with carboxyl- 
tagged lactate, contaminating formate was removed from solution by an 
appropriate procedure. 

Administration of Carboxyl-Labeled Acetate to Rat—In an experiment 
supplementary to those with pigeons, acetate labeled in the carboxyl 
carbon with 5.20 atoms per cent excess C8 was fed to a rat at the rate of 1 


mM per hour for 4 hours. Urea was collected at the mid-point of the 


experiment. It was found that the C concentration of urea carbon was 
().27 atom per cent excess as compared to 0.50 atom per cent excess for the 
respiratory COs. Since CQ: is a source of urea carbon both in vivo (40) 
and in vitro (21, 41, 42), it was concluded that the carboxyl carbon of acetate 
does not directly supply urea carbon in the rat. This is in contrast to the 


finding that the carboxyl carbon of acetate is a major source of the ureide 


‘arbon of uric acid in the pigeon. 
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DISCUSSION 


Data presented in the present paper have served to confirm the belief 
of recent investigators that arginine and histidine are not direct sources of 
the ureide carbon of uric acid. To the already accepted fact that urea 
‘xannot be incorporated into uric acid has been added the information that 
the ureide group of uric acid in the pigeon and urea carbon in the rat derive 
their carbon from dissimilar sources. In addition, it has been demon- 
strated that formate may enter into avian metabolism and that the carboxy] 
carbon of acetate may be utilized in the biosynthesis of a group containing 
but 1 carbon atom. Although little is known about the formation of 
imidazole or pyrimidine rings in the living organism, there is a chemical 
precedent for the formation of imidazole ring structures by the condensa- 
tion of diamino compounds with the carboxyl groups of fatty acids. Thus 
benzimidazole may be formed by the condensation of o-phenylenediamine 
and formic acid (43). The participation of both acetic and formic acids in 
uric acid formation in the bird indicates that a similar mechanism is in- 
volved in the biosynthesis of not only the imidazole but also the pyrimidine 
ring. The utilization of formate and the non-utilization of CO, suggest 
that a reduced form of uric acid (7.e., a purine) is an intermediate in uric 
acid synthesis. Orstrém, Orstrém, and Krebs (44) have shown that 
hypoxanthine may be formed in pigeon liver slices from simple metabolic 
units and have suggested that hypoxanthine is an intermediate of uric acid 
formation by the intact organism. Our data are in complete accord with 
this postulation. The hypothesis that the biosynthesis of the ureide groups 
of purines involves a condensation of a diamino compound and a fatty acid 
is supported by the recent work of Stetten and Fox, Shive and Roberts, 
and Shive et al. Stetten and Fox (45) have isolated in pure form an 
amine which accumulates in cultures of various bacteria as a result of the 
addition of sulfonamides. Shive and Roberts (46) have demonstrated 
that purines are capable of overcoming partially the bacteriostatic action of 
sulfonamides in certain instances and have postulated that the sulfona- 
mides compete with a factor involved in the conversion of a purine precur- 
sor into the purine itself. This hypothesis has been recently borne out by 
Shive ef al. (47), who have characterized the amine isolated by Stetten and 
Fox as 5(4)-amino-4(5)-imidazolecarboxamide. In view of the work re- 
ported from various laboratories, the utilization of fatty acid, COs, NHs, and 
glycine (1) in the synthesis of 5(4)-amino-4(5)-imidazolecarboxamide and 
the further condensation of this compound with a second molecule of fatty 
acid to form hypoxanthine might be predictable steps in uric acid synthesis. 

In order to reconcile the utilization of both formate and acetate in uric 
acid synthesis, the following series of reactions are tentatively proposed to 
explain the derivation of ureide carbon from acetate. 





al 


| 


= 








SONNE, BUCHANAN, AND DELLUVA 77 


+CH, oT ee 








3 _9 
2H0 | app, [280 | 
| | 
_NH —NH —NH —NH 
ii O ™, _ Bs *\ 
olen, c—coon —°% on 23, c=0 
VA VA Va 
_N ott = —Nit 


In these reactions it is postulated that the carboxyl group of acetate is 
first linked to nitrogen atoms with the formation of a methyl-substituted 
amidine structure. Upon further oxidation, a carboxyl group might be 
formed from the methyl carbon. Decarboxylation would yield the ureide 
carbons attached to hydrogen atoms as they are in the hypoxanthine 
molecule. This same structure might conceivably be formed directly by 
the condensation of the carboxy] group of formate with 2 atoms of nitrogen. 
It is evident that the above reactions are only hypothetical and require 
further investigation to establish their validity. 

If formate enters into uric acid synthesis by virtue of its metabolic 
relationship to an intermediate in the reactions involved in the conversion 
of acetate carbon to ureide carbon, it may be concluded that this new 
oxidative pathway of acetate metabolism does not constitute a second 
mechanism for the complete oxidation of acetate to COz and H,O. This 
conclusion is based on the observation that the carbon of isotopic formate 
does not appear in the respiratory gases to a significant degree after its 
administration. 

From the data presented in Table I, additional information concerning 
formate metabolism may be obtained. The fact that formate is an im- 
portant source of the ureide carbon of uric acid and that CO, does not enter 
into this reaction to a measurable extent demonstrates that CO, may not 
be reduced to formate in the bird as it is in certain bacterial preparations 
(48). Furthermore the inability of the carboxyl carbon of lactate to serve 
as a source of ureide carbon demonstrates that formate is not a significant 
metabolic product of the carboxyl carbon of lactate or pyruvate in the bird 
as it is in the metabolism of some bacteria (49, 50). 


SUMMARY 


1. Six compounds labeled with C® (7.e. C02, HCOOH, CH;C¥O00H, 
NH.CH.C8OOH, CH;CHOHC8%00OH, and C*H;C"HOHCOOH) have 
been prepared and administered to fasted pigeons. The excreted uric acid 
was isolated, purified, and degraded by procedures which permitted the 
isolation of both the ureide carbon atoms for isotopic analysis. 
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2. The carboxyl carbon of acetate and formate and the a- (or B-) carbon 
of lactate may participate in ureide synthesis, but the labeled carbon atoms 
of the other compounds studied do not. It is believed that acetate is the 
biological source of the ureide carbon and that formate is either an inter 
mediate or may readily be converted into an intermediate of this reaction. 
It is further believed that the isotopic carbon of a,B-labeled lactate is 
converted into ureide carbon by virtue of the fact that the carboxy! carbon 
of acetate may be derived metabolically from the a-carbon of lactate. 

3. The present experiments demonstrate that formate may be utilized 
in avian metabolism, even though it is not oxidized to an appreciable 
extent. 

4. The utilization of acetate in ureide formation, although a new oxi- 
dative path of acetate metabolism, probably does not constitute a second 
pathway for the complete oxidation of acetate to CO. and H,0. 

5. CO and the carboxyl groups of lactate or pyruvate are not precursors 
of formate in the pigeon as they are in certain bacterial preparations. 

6. In a supplementary experiment it was found that the carboxy] group 
of acetate is not a direct precursor of urea in the rat. These experiments 
demonstrate that the carbon of urea and ureide carbon of uric acid have 
different metabolic origins. 


BIBLIOGRAPHY 


. Sonne, J. C., Buchanan, J. M., and Delluva, A. M., J. Biol. Chem., 166, 395 (1946). 
. Buchanan, J. M., and Sonne, J. C., J. Biol. Chem., 166, 781 (1946). 
. Wiener, H., Beitr. chem. Physiol. u. Path., 2, 42 (1902). 
. Lewis, H. B., Dunn, M.S., and Doisy, E. A., J. Biol. Chem., 36, 9 (1918). 

. Russo, G., Arch. sc. biol., 19, 384 (1933-34). 

. Clementi, A., Arch. sc. biol., 14, 451 (1929-30). 
. Torrisi, D., and Torrisi, F., Boll. Soc. ital. biol. sper., 6, 262 (1931). 

8. Benzinger, T., and Krebs, H. A., Klin. Wochschr., 12, 1206 (1933). 

9. Schuler, W., and Reindel, W., 7. physiol. Chem., 234, 63 (1935). 
10. Barnes, F. W., Jr., and Schoenheimer, R., J. Biol. Chem., 151, 123 (1943). 
11. Cerecedo, L. R., J. Biol. Chem., 88, 695 (1930). 
12. Plentl, A. A., and Schoenheimer, R., J. Biol. Chem., 158, 203 (1944). 
13. Ackroyd, H., and Hopkins, F. G., Biochem. J., 10, 551 (1916). 
14. Lewis, H. B., and Doisy, E. A., J. Biol. Chem., 36, 1 (1918). 
15. Abderhalden, E., and Einbeck, H., 7. physiol. Chem., 62, 322 (1909). 
16. Abderhalden, E., Einbeck, H., and Schmid, J., 7. physiol. Chem., 68, 395 (1910). 


ONO Oe WD 


17. Rose, W. C., and Cook, K. G., J. Biol. Chem., 64, 325 (1925). 

18. Young, E. G., Conway, C. F., and Crandall, W. A., Biochem. J., 82, 1133, 1138 
(1938). 

19. Gydrgy, P., and Thannhauser, 8S. J., Z. physiol. Chem., 180, 286 (1929). 

20. Bloch, K., J. Biol. Chem., 165, 477 (1946). 

21. Krebs, H. A., and Henseleit, H., 7. physiol. Chem., 210, 33 (1932). 

22. Sakami, W., Evans, W. E., and Gurin, 8., J. Am. Chem. Soc., 69, 1110 (1947). 

23. Schoenheimer, R., and Ratner, 8., J. Biol. Chem., 127, 301 (1939). 





24. 


- 


25. 
26. 
97. 
28. 
29. 
30. 
ai. 
32. 


33. 


36. 


38. 








24. 


a 


25. 
26. 
. Friedemann, T. E., J. Biol. Chem., 123, 161 (1938). 
28. 
29. 
30. 
5 § 
32. 
33. 


97 


«- 


38. 
39. 
40. 
4]. 
42. 
43. 
44, 
45. 
16. 
17, 


48 


SONNE, BUCHANAN, AND DELLUVA 79 


Auwers, K., and Bernhardi, R., Ber. chem. Ges., 24, 2209 (1891). 
Cramer, R. D., and Kistiakowsky, G. B., J. Biol. Chem., 187, 549 (1941). 
Krieble, V. K., and McNally, J. G., J. Am. Chem. Soc., 51, 3368 (1929). 


Friedemann, T. E., and Graeser, J. B., J. Biol. Chem., 100, 291 (1933). 

St. John, J. L., and Johnson, O., J. Biol. Chem., 92, 41 (1931). 

Fisher, R. B., Biochem. J., 29, 2193 (1935). 

Edson, N. L., and Krebs, H. A., Biochem. J., 30, 732 (1936). 

Sumner, J. B., and Sisler, E. B., Arch. Biochem., 4, 207 (1944). 

Cohen, J. B., Practical organic chemistry for advanced students, New York, 116 
(1907). 


4, Liebig, J., and Wohler, F., Ann. Chem., 26, 259, 262, 312 (18388). 
5. Buchanan, J. M., Hastings, A. B., and Nesbett, F. N., J. Biol. Chem., 160, 413 


(1943). 


36. Conant, J. B., Cramer, R. D., Hastings, A. B., Klemperer, F. W., Solomon, A. K., 


and Vennesland, B., J. Biol. Chem., 187, 557 (1941). 


37. Vennesland, B., Solomon, A. K., Buchanan, J. M., Cramer, R. D., and Hastings, 


A. B., J. Biol. Chem., 142, 371 (1942). 
Olsen, N. 8., Hemingway, A., and Nier, A. O., J. Biol. Chem., 148, 611 (1943). 
Bloch, K., and Rittenberg, D., J. Biol. Chem., 159, 45 (1945). 
Delluva, A. M., and Wilson, D. W., J. Biol. Chem., 166, 739 (1946). 
Rittenberg, D., and Waelsch, H., J. Biol. Chem., 186, 799 (1940). 
Evans, E. A., Jr., and Slotin, L., J. Biol. Chem., 136, 805 (1940). 
Wagner, E. C., and Millett, W. H., Organic syntheses, col. 2, 65 (1943). 
Orstrém, 2. Orstrém, M., and Krebs, H. A., Biochem. J., 33, 990 (1939). 
Stetten, M. R., and Fox, C. L., Jr., J. Biol. Chem., 161, 333 (1945). 
Shive, W., and Roberts, E. C., J. Biol. Chem., 162, 463 (1946). 
Shive, W., Ackermann, W. W., Gordon, M., Getzendaner, M. E., and Eakin, R. 
E., J. Am. Chem. Soc., 69, 725 (1947). 


. Woods, D. D., Biochem. J., 30, 515 (1936). 
49. 
50. 


Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 154, 725 (1944). 
Utter, M. F., Werkman, C. H., and Lipmann, F., J. Biol. Chem., 154, 723 (1944). 

















II. 


be 
of 
ad 


be 
to 
of 
ur 
mi 
co 
tin 
ac 
ex 
ac 
lac 
gr 


th 


fro 








BIOLOGICAL PRECURSORS OF URIC ACID* 


Il. THE ROLE OF LACTATE, GLYCINE, AND CARBON DIOXIDE AS 
PRECURSORS OF THE CARBON CHAIN AND NITROGEN ATOM 7 
OF URIC ACID 
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DELLUVA 


(From. the Department of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, September 10, 1947) 


Proteins, fats, and carbohydrates or their metabolic derivatives have 
been investigated in great detail as possible precursors of the carbon chain 
of uric acid (3-11). The usual procedure has been to test the effect of the 
administration of these substances on the excretion of uric acid under a 
variety of experimental conditions. For the most part, experiments have 
been performed on the fasted animal. The administration of proteins and 
to a lesser extent of carbohydrates has been shown to increase the excretion 
of uric acid. Fats, however, either had no effect or caused a decrease in 
uric acid output. The amino acids, alanine, glycine, asparagine, and gluta- 
mine have been shown to cause increased excretion of uric acid in man under 
conditions in which ammonia or urea did not (12-15). Deaminated deriva- 
tives of some of these amino acids have been tested for their effect on uric 
acid output. Fisher (16) has claimed that L-lactate may increase uric acid 
excretion in the bird. In an attempt to demonstrate an effect of organic 
acids in the excretion of uric acid in man, Gibson and Doisy (17) found that 
lactate and glycolic acid decreased excretion, whereas alanine and pyruvate 
greatly increased it. 

Experiments in vivo wherein ingested substances were compared for 
their ability to increase uric acid excretion above the normal level of the 
fasted subject are open to criticism on the basis of the work of Lennox 
(18). Lennox has shown that the fasted subject gradually increases his 
stores of blood and tissue uric acid which may be released by the ingestion 
of certain foodstuffs, notably carbohydrates and proteins or amino acids. 
The increased excretion of uric acid, caused by the administration of a 
substance, may not then represent participation of the administered 
substance in the synthesis of uric acid but rather a depletion of the body 
stores. 

The use of in vitro techniques has likewise brought no definite answer 


* Preliminary reports of these studies have been published (1,2). Aided by a grant 
from the American Cancer Society. 
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to the question of the precursors of the carbon chain of uric acid. The 
suggestion of Wiener that tartronic acid is involved in uric acid synthesis 
has been disproved by several investigators (19, 20). A great many 
carbon-containing substances other than tartronic acid have been tested 
for their ability to stimulate uric acid production in tissue slices. Schuler 


and Reindel (19) have shown that liver extract is capable of forming an: 


unknown precursor which in the presence of liver and kidney slices and 
ammonium chloride is converted to urie acid. Orstrém, Orstrém, and 
Krebs (21) have been able to demonstrate that asparagine, glutamine, 
pyruvate, and oxalacetate may stimulate the formation of hypoxanthine 
in pigeon liver slices. As pointed out by Krebs and his coworkers, the 
stimulatory effects of these acids do not indicate that their carbon chains 
necessarily participate directly in purine synthesis. It is known, for 
example, that energy-producing oxidations must accompany many bio- 
logical syntheses. 

For the most part, the experimental procedures used to demonstrate 
whether a given substance participates in urie acid synthesis depend 
upon the ability of this substance to increase uric acid excretion in vivo or 
its formation in vitro. The biosynthesis of uric acid is undoubtedly a 
complicated procedure involving many reactions, one of which may be the 
limiting one. Ifa tested substance is not the limiting factor of the svnthe- 
sis, it may participate in purine formation without increasing materially the 
rate of uric acid synthesis. This inherent difficulty in determining the 
precursors of a synthetic reaction is overcome with the use of isotopically 
marked compounds. In the present paper, several intermediates of 
protein, fat, and carbohydrate metabolism have been labeled with C! and 
administered to pigeons. The excreted uric acid was degraded by pro- 
cedures which permitted the separation of each of the carbon atoms of the 
carbon chain of uric acid for isotopic analysis. This use of compounds 
labeled with C™ has permitted the identification of some of the carbon 
precursors of uric acid. Additional information concerning the nitrogen 
precursors of uric acid has been obtained by administering ammonium 
chloride containing N® simultaneously with each of these organic com- 
pounds. 


EXPERIMENTAL 


The general procedure used in the synthesis of isotopic compounds and 
the manner of their administration to pigeons have been described in an 
accompanying communication (22). In order to separate for isotopic 
analysis carbon atoms 4, 5, and 6 of the carbon chain of uric acid excreted 
after the administration of isotopic COs, formate, acetate, glycine, or 
lactate, an aliquot of uric acid was oxidized with alkaline MnO, to hydroxy- 
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acetylene diureide carboxylic acid, which was subsequently decomposed by 
acid into allantoin and CO, (23). This CO: is derived from carbon 6 of 
uric acid. Allantoin was then hydrolyzed in alkaline solution to allantoic 
acid, which upon subsequent acid hydrolysis decomposed into urea and 
glyoxylic acid (24). 

Glyoxylic acid was isolated as the semicarbazone. This derivative was 
then oxidized by KMnQ, by the following equations: 


(1) HOOC-CH:N-NH-CO-NH: + 30 — HCOOH + N. + 2CO,. + NH; 
(2) HCOOH + O—- CO, + H,0O 


Since the first reaction occurs much more rapidly than the second, a 
sample of CO: collected during the first 7 minutes of reaction contains 
mainly carboxyl carbon of glyoxylic acid plus the semicarbazide carbon. 
A sample of CO, collected during the next 4 hours resulting from the 
oxidation of HCOOH contains the aldehyde carbon of glyoxylic acid. 

Fischer and Ach (25) have reported a series of experiments in which 
methylated purines were oxidized in alkaline solution to allantoin. The 
chief product of oxidation of 1- or 7-methyluric acid is 8-methylallantoin 
(the methylated nitrogen being adjacent to the carbonyl group of the 
carbon chain). Likewise, the chief product isolated after alkaline oxida- 
tion of 3- or 9-methyluric acid was a-methyl allantoin. From the work of 
Fischer and Ach it would then appear that the carbonyl carbon of the 2- 
carbon chain of allantoin, which upon hydrolysis becomes the carboxyl 
carbon of glyoxylic acid, is derived from carbon 5 of uric acid (see Scheme 1, 
Reaction III). The aldehyde carbon of glyoxylic acid is, by the same argu- 
ment, derived from carbon 4. 

Although the formation of glyoxylic acid by the mechanism described 
in part by Fischer and Ach (25), by Behrend (26), and by Siemonsen (27) 
(i.e. Reaction III, Scheme 1) is thought to be the main pathway of uric 
acid oxidation by alkaline MnOx, there is the possibility that side reactions 
may occur. Evidence obtained from our own experiments, however, 
suppofts the conclusion of Fischer and Ach and others that uric acid is 
degraded to allantoin (and hence to glyoxylic acid) as described in Reaction 
III and also, further, that side reactions do not play an important réle in 
this degradation. 

In Experiment 5, Table I, with carboxyl-labeled lactate, the CO, liber- 
ated upon acidification of the alkaline MnO, solution contained 0.25 
atom per cent excess C, whereas the carboxyl carbon of glyoxylic acid 
contained no excess of isotope. If uroxanic acid had been a major inter- 
mediate in the degradation of uric acid (Reaction I, Scheme 1), then these 2 
carbon atoms should have contained C® in approximately equal concentra- 
tions. The complete absence of isotope in the carboxyl carbon of glyoxylic 
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acid supports the belief that uroxanic acid was not formed in detectable 
amounts under the conditions of our experiments. 


ScHEME | 
Possible Reactions in Degradation of Uric Acid to Glyorylic Acid 
The nitrogen and carbon atoms of oxidation products of uric acid are given the num 
ber of the uric acid atom from which they are derived. 


'NH 


‘C= 








O—C 5C—'NH\ 
| ‘C—O 

3INH——'C—*NH’% 

Uric acid 
‘COOH, 
ZL 
—NH 
| 








INH—C 
oc | Tome pees ) 
INH—‘C(OH)—°NH 
Hydroxyacetylene diureide ‘COOH ‘CO, ‘COOH 


carboxylic acid 
NH.— CO—NH—*C—-NH— CO—NH.— *CHO + *CHO 


‘COOH ‘COOH ‘CO, 
Uroxanie acid 





—'CO, H \CHO 
! NH——*C——-NH -~-----> | 
| ‘COOH 
Reaction [T_ | O=C C=O Glyoxylie acid 
+H,0 | NH——*C=0O NH, 
Allantoin 
‘a 7 9 
NH——*'COH NH, NH—*C=0O NH, 
o=c Co Reaction tit | O=C ae ‘COOH 
| | | —H.O | ‘CHO 
NH——‘COH—NH | NH——'‘CH—NH 








Although the data of Experiment 5 do not directly exclude Reaction II, 
Scheme 1, they do suggest that the degradation of uric acid may have taken 
place by means of one of the two reactions (7.e. Reaction II or II1) but not 
by a mixture of both. Uric acid degraded via Reaction II would have 
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resulted in glyoxylic acid in which the carboxyl and aldehyde carbon atoms 
are derived from carbon atoms 4 and 5 of uric acid respectively. In a 
reverse manner degradation of uric acid via Reaction III would have 
resulted in glyoxylic acid in which the carboxyl and aldehyde carbon atoms 
are derived from carbon atoms 5 and 4 of uric acid respectively. If the 
degradation of uric acid had taken place by means of Reactions II and III 
in equal proportions, then the glyoxylic acid should have contained C™ 
in the carboxyl and aldehyde groups in equal concentrations. Since one 
of the carbon atoms, namely that in the carboxyl group of glyoxylicacid, 
contained no isotope, whereas the other contained 0.37 atom per cent 
excess C, it may be concluded, in view of the work of Fischer and Ach 
with N-methylated uric acids, that uric acid is degraded predominantly by 


TABLE I 
Biological Precursors of Carbon Chain of U ric Acid — 






































C8 concentration (atoms per cent anid 
Experi- | eer Te x | Uric acid corben No. a= 
ment Precursor Respir- ib all aan ; Sea 
No. Labeled 4 (cor- 
| coshenn oO 6 445 5 -_ rected 
| CO2) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
1 C*0- 8.13 | 0.28 | 0.25) 0.04 | 0.00t| 0.07F 
oe HC*OOH 3.34 | 0.01 | 0.01) 0.08 | 0.0 
a 4 CH;C*OOH 5.82 | 0.26 | 0.22) 0.04 | 0.00 | 0.07 | 0.00 
4 | NH.CH.C*OOH 5.20 | 0.12 | 0.11 | 0.14 | 1. 16 1.13 
a | dl-CH;CHOHC*OOH 8.80 | 0.25 | 0.26 | 0.00 EE 0.37 | 0.31 
6 | dl-C*H,;,C*HOHCOOH 5.40 | | 0.11 | 0.09 | 0.14 oh 0. 07 0.04 
| a Oe Se 


C* =c kon atoms Sele’ with C!3 
+ Calculated on the basis of the procsiens indicated in the text. 


way of Reaction ITI and that Reaction II does not play a significant réle 
in the procedure. 

The presence of a relatively small amount of isotopic carbon in the 
carboxyl group of glyoxylic acid in Experiment 4, Table I, with carboxyl- 
labeled glycine might leave open the possibility that a small part of uric 
acid is degraded by one or both of the two side reactions described (i.e. 
Reaction I or I). There is, however, another equally plausible explana- 
tion for the presence of isotope in carbon 5 of Experiment 4, Table I. 
Reference to the procedure for the oxidation of glyoxylic acid semicar- 
bazone will show that CO, (containing carbon 5) produced during the first 
7 minutes of reaction with acid permanganate might be contaminated by 
the secondary oxidation of formic acid (containing carbon 4). If this 
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should be the case, then 12.8! per cent of formic acid may be degraded in 
the first 7 minutes. Such an oxidation in the other experiments would 
not have yielded a high enough concentration of isotope in carbon 5 to be 
detected. 

Experimental Details of Degradation Procedure—The procedure of Edson 
and Krebs (24) was used with certain modifications. 80 mg. of uric acid 
were dissolved in 10 ce. of 0.1 N NaOH and oxidized by 10 ce. of a MnO, 
suspension for 30 minutes at 38°. After filtration, the MnO,-free solution 
was transferred to an aeration apparatus and 0.7 cc. of 10 N HNO was 
added. The solution was aerated rapidly for 10 minutes at room tempera- 
ture to remove any extraneous CO:; the temperature was then raised to 38° 
and carbon 6, as CO2, was slowly evolved and collected during the next 60 
minutes. The solution was then transferred to a 50 ec. centrifuge tube 
and neutralized to pH 7. Enough NasCO; was added to make a 0.1 uw 
solution (350 mg.) and the tube placed in a boiling water bath for 20 
minutes for the hydrolysis of allantoin to allantoic acid. The tube was 
removed from the bath, its contents made distinctly acid to thymol blue 
with 10 n HNOs, and then returned to the boiling water bath for an addi- 
tional 4 minutes for the hydrolysis of allantoic acid to glyoxylic acid and 
urea. Nitric acid was used because lead is employed later in the procedure. 

The solution was cooled, again neutralized to pH 7, and 5 ce. of basic 
lead acetate were added to precipitate the glyoxylic acid (28). After 
centrifuging, the supernatant was saved for future extraction of urea, 
while the precipitate was transferred to a 15 cc. centrifuge tube with 10 to 
13 cc. of water. To this precipitate were added 1.5 ec. of 4N HSOy. The 
suspension was stirred well, centrifuged, and the supernatant containing 
glyoxylic acid was poured through a filter into another 15 cc. centrifuge 
tube. The precipitate was washed with 0.4 ec. of H,O and the washings 


1 To calculate the possible contamination of carbon 5 by carbon 4 in the degrada- 
tion of glyoxylic acid semicarbazone with acid permanganate in the glycine experi- 
ment, let n = millimoles of the total formic acid decomposed, y = millimoles of 
glyoxylic acid semicarbazone decomposed, x = n/y = the fraction of formic acid 
decomposed, and c = isotope concentration of the mixture of CO, removed during 
the first 7 minutes of reaction = 0.07 atom per cent excess C14. The assumptions 
are made that the carboxyl and aldehyde carbons of glyoxylic acid contain respec- 
tively 0.00 and 1.16 atoms per cent excess C8. Therefore 

n(1.16) + 2y(0) 
(3) = 
n + 2y 
Dividing the numerator and the denominator of the right hand side of Equation 3 
by y and substituting x = n/y 
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combined with the first supernatant. To this glyoxylic acid solution were 
added 250 to 300 mg. of semicarbazide hydrochloride, and the glyoxylic 
semicarbazone was allowed to crystallize overnight in a cold room. The 
semicarbazone derivative was washed with small portions of water, was 
treated with carboraffin, and recrystallized from 2 to 4 cc. of water. After 
standing for 24 hours in the cold room, the semicarbazone was centrifuged 
and dried in vacuo for 4 hours. The yields varied from 13 to 26 mg. It 
was frequently necessary to do a second degradation to obtain a quantity of 
glyoxylic acid semicarbazone sufficient for the acid permanganate oxida- 
tion to follow. Melting points were taken with unknown, mixed, and 


‘known samples. The purity of the known specimen was determined by a 


Veibel titration (29) and also by an acidimetric titration. Mol. wt. known, 
130; found, Veibel, 134; acidimetric 132; m.p. 204-205°. 

To separate the 2 carbon atoms of glyoxylic acid, 1.5 cc. of 1.6N KMnO, 
and 4 cc. of 1 N H.SO, were added to a 30 ce. solution containing 20 mg. of 
glyoxylic acid semicarbazone. The oxidation was carried out at 38°. 
The CO, evolved during the first 7 minutes was collected in one sample and 
the CO: evolved during the next 7 minutes discarded. The COs collected 
after the first 14 minutes results from the slow oxidation of formic acid and 
represents carbon 4 of uric acid. The conclusions concerning the mecha- 
nism of oxidation of glyoxylie acid semicarbazone (reactions (1) and (2), 
above) are drawn by analogy from the mechanism of oxidation of 
a-ketoglutaric acid semicarbazone by acid permanganate (30) and the 
known fact that formic acid is slowly oxidized under these conditions (31). 
In separate experiments it was possible to show that 2 of the 3 carbon 
atoms of glyoxylic acid semicarbazone are liberated rapidly during the 
first 10 to 12 minutes of reaction and that the 3rd carbon is liberated much 
more slowly thereafter. Since the CO, evolved during the first 7 minutes 
contained the carboxyl carbon of glyoxylic acid plus the semicarbazide 
carbon, the C!® concentration of carbon 5 of uric acid was obtained by 
multiplying the C concentration of this CO» fraction by 2. 

The supernatant saved after the precipitation of glyoxylic acid with 
basic lead acetate was evaporated to dryness and urea extracted with 
absolute aleohol. The alcohol was evaporated and the urea redissolved in 
water. The aqueous solution was acidified, aerated with H.S to precip- 
itate any lead still present, and filtered. Urea was decomposed to am- 
monia and CO, by urease. The results of experiments in which an 
investigation was made of the precursors of the ureide carbons of uric acid 
are reported in the accompanying paper. In three experiments, the two 
ureide groups of uric acid containing nitrogen atoms 1 plus 3 and 7 plus 9 
respectively were obtained separate from each other in the form of urea by a 
procedure previously described (22). These samples of urea were con- 
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verted by urease into ammonia for eventual determination of their Nu 
concentrations in the mass spectrometer. 


Results 


The results of six experiments are included in Table I. The administra- 
tion of the six isotopic compounds listed has made possible the identifica- 
tion of some precursors of the carbon chain of uric acid as well as nitrogen 7 
of the ureide group. 

Metabolic Origin of Carbon 6 of Uric Acid—Of the six isotopic compounds 

administered to pigeons, only one, COz, was directly involved as a precursor 
of carbon 6 of uric acid. After the administration of isotopic bicarbonate 
containing 8.13 atoms per cent C'*, uric acid was isolated from the excreta 
containing 0.25 atom per cent excess C'!* in carbon 6. During the 14th 
hour of a 16 hour experiment, five samples of respiratory CO» were col- 
lected at 15 minute intervals. The isotopic analyses for these successive 
samples were 0.32, 0.27, 0.27, 0.27, and 0.30 atom per cent excess C’’, thus 
demonstrating that under the conditions of these experiments C™ was 
expired at a fairly constant rate. It should be noted that a C® concentra- 
tion of carbon 6 of uric acid (0.25) parallels closely the C8 concentration of 
the respiratory CO: (average value 0.28), indicating that carbon 6 of uric 
acid is probably derived directly from CO.. This was borne out in subse- 
quent experiments where isotopically marked organic compounds were 
administered. As is shown in Columns 5 and 4, Table I, the concentra- 
tions of C'* in carbon 6 and in the respiratory COs» closely parallel each 
other in all five of the experiments. Thus, the appearance of Cin position 
6 in these experiments probably results from the incorporation of CO, 
produced by the metabolism of these isotopic organic compounds and does 
not represent the direct utilization of labeled carbon atoms of organic 
compounds as precursors of carbon 6 of uric acid. Special mention should 
be made of formate in this connection. The demonstration by Utter, 
Werkman, and Lipmann (32) and by Lipmann and Tuttle (33) that formic 
acid may be formed from CO by certain bacterial extracts and that formate 
and acetyl phosphate condense to form pyruvate has increased the interest 
in formate as a possible intermediate of CO» assimilation reactions. The 
experiment with formate reported in Table I demonstrates, however, that 
formate does not participate as an intermediate during the incorporation of 
CO, into uric acid. After the administration of isotopic formate, carbon 6 
of uric acid isolated from the excreta contained no excess of C’*. 

Metabolic Origin of Carbons 4 and 5—All of the compounds administered 
led to the enrichment of the 2 carbon fragment of uric acid containing car- 
bons 4and 5. After the administration of NaHCO; (8.13 atoms per cent 
excess C"*) and acetate (containing 5.82 atoms per cent excess C!* in the 
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carboxyl carbon), the glyoxylic acid derived from the degradation of the 
yesulting uric acid contained in both instances 0.04 atom per cent excess 
C}3, while the respiratory CO, contained 0.28 and 0.26 atom per cent excess 
C8 respectively. By degradation of the glyoxylic acid semicarbazone of 
the acetate experiment it was found that all of the isotope of this compound 
was located in the aldehyde carbon or what had been carbon 4 of uric acid 
(i.e. 0.07 atom per cent excess). Not enough glyoxylic acid semicarbazone 
was available in the experiment with isotopic sodium bicarbonate to permit 
further degradation. Since, however, the administration of either isotopic 
bicarbonate or isotopic acetate resulted in the enrichment of the glyoxylic 
acid and respiratory CO, to about the same extent (7.¢. 0.04 and#0.27 atom 
per cent excess, respectively), it seems permissible to assume that the 
appearance of C® in carbons 4 plus 5 is due solely to assimilation of CO: in 
both experiments. Furthermore, it is assumed that the assimilation of 
CO, into the 2 carbon fraction of uric acid representing carbons 4 and 5 
takes place in position 4 and that in Experiment 1, Table I, the concentra- 
tion of isotope in this position is 0.07 atom per cent excess C*, the same as in 
Experiment 3. In subsequent experiments correction was made for the 
assimilation of CO: in position 4 of uric acid by the following equation: 


(6) Concentration of C in carbon 4 due to assimilation of CO, 


_ 0.07 
~ 0.28 





< concentration of C™ in respiratory CO: 


After the administration of carboxyl-labeled glycine, lactate, and a,6- 
labeled lactate containing C® in concentrations indicated in Table I, 1.16, 
0.37, and 0.07 atom per cent excess C? were found in carbon 4 of uric acid 
respectively (Column 8, Table I). When these values are corrected for the 
assimilation of COs, they are respectively 1.13, 0.31, and 0.04 atom per 
cent excess C3. These values are recorded in Column 9, Table I. It is 
thus seen that the carboxyl groups of lactate and glycine are both sources 
of carbon 4 of uric acid. The low concentration of C in carbon 4 of uric 
acid after the administration of a,B-tagged lactate indicates that these 
carbon atoms are not significant precursors of carbon 4. The a- or §-car- 
bon atoms of lactate are, however, significant sources of carbon 5 of uric 
acid. After the administration of lactate containing 5.40 atoms per cent 
excess C!3 in the a- and §-carbon atoms, it was found that carbon 5 of uric 
acid contained 0.14 atom per cent excess C’. The administration of the 
other isotopic compounds did not lead to enrichment of this carbon atom to 
a significant extent. The appearance of C¥ in carbon 5 of uric acid after 
the administration of carboxyl-labeled glycine is probably due to a con- 
tamination of carbon 5 by carbon 4 during the degradation procedure, and 


ce amg an eet 





Seager --- ~ 


PSS a ATES EE 


ae 











90 PRECURSORS OF URIC ACID. II 


hence has no metabolic significance. Such a contamination of carbon 5 by 
carbon 4 becomes apparent only when the concentration of C’ of carbon 4 
is relatively large, as it is in Experiment 4. 

The administration of isotopic formate resulted in a definite enrichment 
of the glyoxylic acid derived from the degradation of uric acid. It is un- 
fortunate that sufficient material was not available for a further degradation 
of this compound. In view of the fact that formate is not converted to 
CO, to a significant extent, it is probable that the isotope present in car- 
bons 4 plus 5 represents a real utilization of formate carbon. 

In Table IT an estimation has been made of the extent to which lactate 
and glycine carbon atoms enter positions 4 and 5 in the synthesis of uric 
acid. In Columns 3 and 4 a calculation is made of the extent to which 


TABLE I] 
Comparison of Utilization of Carbon Atoms of Lactate and Glycine in Synthesis 
Carbon Chain of Uric Acid 























Per cent indicated atid 
carbon of uric acid : a ne a Specifict 
| derived from labeled ps yer coefficient 
— a Precursor carbon of precursor tion of | of — 
— ae racemic : 
Carbon Carbon acids of L acids 
atom 4 atom 5 
(1) (2) (3) | (4 (5) 
i Se ii! oe i se oe 
4 NH.CH,C*OOH 22.0 | 44.0 14.0 
5 pL-CH;CHOHC*OOH 3.5 | 7.0 | 14.0 
6 pL-C*H;C*HOHCOOH | | 26 | 5.2 | 10.4 
} 





C* = carbon atoms labeled with C!%. 

t In Experiments 4, 5, and 6 the isotopic substances were administered at the 
rate of 0.5 mm per hour to fasted pigeons weighing 295, 323, and 323 gm. respectively. 
All weights were so close to 300 gm. that correction for pigeon weight was not made 
in the above calculations. 


carbon atoms 4 and 5 of uric acid were derived directly from the ad- 
ministered isotopic carbon of each of the three compounds listed. The 
percentage value is obtained by dividing the C" concentrations of carbon 
4 or 5 (Columns 9 and 7, Table I, respectively) by the C™ concentration of 
the isotopic carbon of the administered substance (Column 3, Table I) and 
multiplying this ratio by 100. For purposes of further discussion this 
value will be called A. Perhaps amore accurate comparison of the utiliza- 
tion of lactate and glycine carbon in uric acid formation may be made by 
calculating the specific coefficient of utilization of these compounds, as have 
Bloch and Rittenberg (34) in their studies of acetate formation in the rat. 
For purposes of comparison ‘‘the specific coefficient of utilization” of glycine 
and lactate carbon in uric acid synthesis is defined as 4/M where M repre- 
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sents the number of millimoles of substance administered to a 300 gm. 
pigeon per hour. This definition is similar to but not identical with the 
term “‘specific coefficient of utilization’? as used by Bloch and Rittenberg. 
According to Bloch and Rittenberg the compound with the highest co- 
efficient of utilization is the most immediate precursor of a given product of 
reaction. In Column 5, Table II, are recorded the coefficients of utiliza- 
tion of the two isotopic species of lactate and of carboxyl-labeled glycine, 
assuming that the p and 1 forms of lactate are equally well utilized in uric 
acid synthesis. Since the data of Fisher (16) suggest that p-lactate is not 
utilized for uric acid synthesis in the pigeon, the coefficients of utilization 
have been recalculated (Column 6, Table II), assuming that only the t-lac- 
tate participates in this reaction. From the coefficients of utilization of 
these compounds it may be seen that the carboxyl carbon of lactate is in- 
corporated into the 4th position of uric acid to about the same extent that 
the a-carbon? of lactate is incorporated into position 5. Furthermore, the 
carboxyl carbon of glycine is incorporated into position 4 to a much greater 
extent than is the carboxyl carbon of lactate. These calculations would 
indicate, therefore, that glycine is the most immediate source of carbon 4 
and that lactate is converted into glycine prior to its utilization for uric 
acid synthesis. Since the carboxyl and a-carbon atoms of lactate are uti- 
lized in the synthesis of uric acid in positions 4 and 5 respectively, it seems 
valid to assume that the a-carbon of glycine is a major source of carbon 5 of 
uric acid. This assumption is borne out by further experiments with N¥ 
which are reported below. 

Metabolic Origin of Nitrogen 7—In Experiments 3, 4, and 6, Table I, uric 
acid was degraded in such a manner that nitrogen atoms 1 and 3 were 
obtained together, but separate from nitrogen atoms7 and9. In Table III 
is recorded the N® concentration of these nitrogen atoms in experiments in 
which N“H,Cl (3.70 atoms per cent excess N) was administered with 
either carboxyl-labeled acetate, carboxyl-labeled glycine, or a,B-labeled 
lactate. Non-isotopic glucose was administered routinely in all experi- 
ments. It may be seen that, after the administration of either carboxyl- 
labeled acetate or a,8-tagged lactate together with N“H,Cl, the N con- 
centration of nitrogen atoms | plus 3 was equal to that of nitrogen atoms 
7 plus 9. After the administration of N'H,Cl and glycine containing iso- 
topic carbon but non-isotopic nitrogen, the N™ concentration of nitrogen 
atoms 1 plus 3 was 0.712, as compared to 0.548 in nitrogen atoms 7 plus 9. 
The lower concentration of N™ in nitrogen atoms 7 plus 9 indicates that the 
non-isotopic nitrogen of glycine participates directly in the synthesis of the 

? The assumption is made that the a- rather than the 8-carbon of lactate is utilized 


in the formation of carbon 5, since the carboxyl and a-carbons are adjacent to each 
other. 
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imidazole ring of uric acid. Since the carboxyl carbon of glycine is the 
precursor of carbon atom 4 of uric acid, it is concluded that glycine nitrogen 
is the source of nitrogen atom 7 and that the a-carbon of glycine is the 
source of carbon atom 5. 

Moreover, these experiments with N™ are further evidence that glycine, 
rather than lactate, is the immediate source of carbons 4and 5. They also 
demonstrate that there is a rapid synthesis of glycine by the organism dur- 
ing uric acid synthesis. The equality of N® concentration in nitrogen 
atoms 1 plus 3 and 7 plus 9 after the administration of lactate or acetate 
indicates that little or no preformed glycine is available to the organism for 
uric acid synthesis but that most of it is readily synthesized from carho- 
hydrate precursors, possibly lactate, and N'°H,Cl. 

Shemin and Rittenberg (35) have recently reported experiments in which 
they fed N"-labeled glycine to a human and measured the N™ concentra- 


TABLE III 
N*® Concentration of Nitrogen Aloms of Uric Acid after Administration of N®H,C1l, 
together with Carbon Isotopic Compounds 


| N concentration (atoms per cent excess). 


uric acid nitrogen atom No. 








Experiment No. | C precursor 
1+ 3 | 749 
3 | CH,C*O0H 0.856 | 0.853 
4 NH2CH.C*OOH 0.712t | 0.548 
| 0.593 


6 C*H;,C*HOHCOOH ().606 
| 





C* = carbon atoms labeled with C?%, 

t Since this sample was lost, this value was calculated from the N concentration 
of the total uric acid molecule and the N® concentration of nitrogen atoms 7 plus 9. 
tions of the individual nitrogen atoms of the uric acid excreted at various 
intervals after the administration of the isotopic compound. ‘They have 
found that the nitrogen of glycine is the source of nitrogen 7 of uric acid. 
These experiments not only confirm the conclusion of the present authors 
(1) that glycine is a precursor of uric acid, but demonstrate that the reac- 
tions of uric acid synthesis in the pigeon and human are probably very 
similar. The fact that uric acid is the major product of nitrogen metabo- 
lism in the bird but not in the human had previously led to speculation that 
the reactions of uric acid synthesis in these two organisms were funda- 
mentally different. 


DISCUSSION 


Although it was primarily the purpose of this work to ascertain the 
sources of uric acid carbon, the data presented in this and the accompany- 
ing paper provide limited information on reactions involved in its synthesis. 
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Incorporation of CO, into Uric Acid—With the finding that CO, is in- 
corporated into 2 positions of the carbon chain of uric acid, it is of interest 
to determine, if possible, whether these CO» assimilation reactions proceed 
via known reactions or whether new CO, reactions may be involved. At 
present three reactions are known by which CO: may be assimilated into 
carbon to carbon linkage by animal and bacterial tissues. All of these 
reactions involve pyruvate (or lactate) or metabolic derivatives of this 
substance. They are as follows: 


(7) CH;COCOOH + CO, — HOOCCH:COCOOH (36-38) 
(8) HOOCCH.CH:COCOOH + CO: — HOOCCH:CH(COOH)COCOOH (39) 
(9) CH,COCOOH s CH;,COOPO;H, + HCOOH = HH: + CO, (32, 33) 


The assimilation of CO: into position 4 of uric acid was readily ex- 
plainable on the basis of Equation 7 after it was found that the carboxyl 
carbon of lactate was likewise a source of this carbon atom of uric acid. 
From the experiments of Wood et al. (37) and Evans et al. (40), it is known 
that carboxyl-tagged lactate is readily formed when non-isotopic pyruvate 
is incubated with pigeon liver minces or extracts in the presence of isotopic 
bicarbonate. ‘This takes place by the addition of CO, to pyruvate, forming 
oxalacetate. Isotope is then distributed equally between the two carboxyl 
groups of oxalacetate, which may then be decarboxylated to carboxyl 
isotopic pyruvate. Reduction of this latter compound gives carboxyl 
isotopic lactate. It is thus apparent that the carboxyl carbon of both 
lactate and COs. might appear in the same position (7.e. 4) of uric acid. 
The assimilation of CO: into position 6 of uric acid is not readily explained 
on the basis of the above three reactions, however. From the foregoing 
discussion (see “‘Results’’) the conclusion was drawn that carbon atoms 6, 
5, and 4 of the 3-carbon chain of uric acid may be derived from COs, the 
a-carbon atom of lactate, and the carboxyl carbon atom of lactate 
respectively. 

It is important to study the possibility that the 3-carbon chain of uric 
acid may be formed by an established assimilation reaction of CO, with 
lactic acid. In Scheme 2 are summarized the known reactions of lactic acid 
which involve the fixation of CO2.. The carboxyl, a-, and 8-carbons of 
lactate as well as CO2 are traced as they form the carbon atoms of known 
metabolic products. In no instance is the arrangement of carbon atoms in 
either lactate or a metabolic derivative of lactate such that a 3-carbon chain 
may be split out wherein the carbons are derived from COs», the a-carbon of 
lactate, and the carboxyl carbon of lactate in the order named. This 
would indicate that the 3-carbon chain of uric acid is not derived from any 
of these metabolic derivatives of lactic acid and that consequently none of 


Liniugencoes 


pata . re ae 


Se a a OE ET 








perrroeerene 


a 


eee, 


prea 








94 


PRECURSORS OF 


URIC ACID. II 





the CO, assimilation reactions involved in these paths of metabolism of 


lactate is involved in the synthesis of uric acid. 


The authors believe, there- 


fore, that the incorporation of CO: into carbon 6 of uric acid takes place by 
a CO, assimilation reaction hitherto undescribed.* 


ScHEME 2 


Tracing of Carbon Atoms of Lactate and CO, during Formation of Metabolic 
Derivatives of Lactate by Known CO, Assimilation Reactions 
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The carboxyl, a-, and 8-carbons of lactate and CO: are designated by the symbols 
1, 2, 3, and * respectively. 


Possible Relationship of Lactate to Uric Acid Synthesis—Although none 
of the reactions included in Scheme 2 satisfactorily explains the presence of 
C in the indicated positions of the uric acid molecule after the administra- 


3 The recent observation by Barker and Elsden (41) that CO: is assimilated into 
acetate and glycine during the fermentation of uric acid by Clostridium cylindro- 
sporum demonstrates that CO: assimilation is also involved in the breakdown as well 


as the synthesis of uric acid. 


It seems at present, however, that the CO: reactions 


of the fermentation of uric acid by Clostridium cylindrosporum are not related to 
those involved in its synthesis by the pigeon. 





| 
| 


tio! 
lac 
lac 
ser 


a3 
(10) 


H 


tl 


b 








of 


yy 


ols 


ne 
of 
ra- 
ato 
ro- 
rell 
ons 
to 





BUCHANAN, SONNE, AND DELLUVA 95 


tion of isotopic bicarbonate or either of the two types of isotopically labeled 
lactate, certain reactions have recently been proposed for the metabolism of 
lactate and related derivatives which could account for some of the ob- 
served facts. ‘These reactions involve the conversion of lactate to glycine, 
a 3- toa 2-carbon unit. These reactions are as follows: 


(10) Conversion of serine to pyruvate (Chargaff and Sprinson (42)) 


—HOI 
HOCH.CHCOOH = ; CH.—=CCOOH — 
NH, NH; 
HOH 
CH; CCOOH —— — CH;COCOOH + NH; 
NH 
(11) Conversion of serine to glycine (Shemin (48)) 
CH,OH CHO NH, 
| —2H | | 
CHNH: —— CHNH, — —— CH, 
COOH COOH COOH 


Shemin (43) has shown that serine may be converted to glycine in the rat by 
oxidation of the 6-carbon atom and it seems likely that the same mechanism 
for the formation of glycine from serine is present in avian metabolism. 
Chargaff and Sprinson (42) have demonstrated the conversion of serine to 
pyruvate by Bacterium coli and Binkley (44) has reported that a similar 
reaction may take place in animal tissues. Chargaff and Sprinson have 
proposed the reactions of Equation 10 as a possible mechanism for the con- 
version of serine to pyruvate. If these reactions are reversible, they would 
provide a pathway for the conversion of lactate to glycine when taken in 
conjunction with the experiments of Shemin. If the above series of reac- 
tions do explain the conversion of lactate to glycine, it may be readily seen 
that the carboxyl and a-carbon atoms of lactate should constitute the car- 
boxyl and a-carbon atoms of glycine respectively. This is in accord with 
the experimental data. 

In view of the experiments with N¥ reported in this paper and in that of 
Shemin and Rittenberg (385), it seems likely that glycine itself is the 
nucleus around which the other carbon and nitrogen atoms of uric acid 
become associated during its biosynthesis. The participation of acetate in 
the formation of the ureide groups of uric acid and the increasing importance 
of acetylation reactions in intermediary metabolism raise the question of 
whether the acetylation of glycine might be one of the steps involved in 
uric acid synthesis. The possible reactions whereby acetate and formate 

















96 PRECURSORS OF URIC ACID. II 


may enter into the synthesis of the ureide groups of uric acid have been 
discussed in the accompanying paper. 

Acetate and Glycine Not Interconvertible in Pigeon—Experiments on 
glycogen formation from acetate and glycine have strongly indicated that 
these compounds are not metabolized by the same pathways, since glycine 
is glycogenic (45) whereas acetate is not (46). Our experiments with uric 
acid confirm this belief. The carboxyl carbon of acetate is a major con- 
tributor to positions 2 and 8 of uric acid (22), but does not enter to a sig- 


tid sy 


nificant extent into position 4. In a reverse manner the carboxyl carbon of 
glycine is a major contributor to position 4 but does not enter into positions 
2 and 8 (22). It is thus evident that the 2 carbon atoms of glycine are not 
directly utilized to form the 2-carbon structure of acetate and vice versa. 
Almquist and Mecchi (47) have reported that acetate may replace glycine 
in the nutrition of the chick. In unpublished experiments by one of us 
(J. M. B.) the results of Almquist and Mecchi could not be duplicated. 
The inclusion of acetate in the diet did not restore the loss of growth pro- 
duced by the omission of glycine from the basal diet. The experiments 
with acetate and glycine concerning uric acid synthesis in the pigeon like- 
wise fail to substantiate the findings of Almquist and Mecchi. 

Although a good deal has been learned recently about the reactions of 
acetate oxidation, little is known about reactions leading to glycine oxida- 
tion or conversion of glycine to carbohydrate. The data presented in this 
paper on uric acid synthesis may offer a clue to these reactions. It has been 
shown that the 3-carbon chain of uric acid is formed by reactions involving 
CO, and the a-carbon of glycine. A similar but not necessarily identical 
reaction may be involved in the oxidative or glycogenic metabolism of 
glycine. Thus glycine might be converted to lactate by a reversal of the 
reaction proposed above for the conversion of lactate to glycine. Lactate 
thus formed could be either oxidized or utilized in the synthesis of glycogen 
by conventional routes of metabolism of this latter compound. 


The authors wish to acknowledge with appreciation the aid of Dr. D. W. 
Wilson in the preparation of samples for isotopic analysis and of Dr. Samuel 
(vurin in the synthesis of organic compounds. ‘They also wish to thank Mr. 
James Houcke of the Department of Physics, University of Pennsylvania, 
and Dr. Sidney Weinhouse, Catalytic Development Corporation, Marcus 
Hook, for the analysis of C' samples, and Dr. David Rittenberg of Co- 
lumbia University for N' analyses. 


SUMMARY 


1. By administering organic compounds labeled with C" to pigeons and 
degrading the excreted uric acid, it has been shown that COs: is the 
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source of carbon 6 of uric acid and that the carboxy] carbon of glycine is the 
source of carbon 4. By indirect experiments with NH,Cl it was demon- 
strated that the amino nitrogen of glycine is probably the source of nitrogen 
7 of uric acid. The a-carbon of glycine is probably the source of carbon 5. 

2. It is believed that the incorporation of CO, into position 6 of uric acid 
takes place by a CQ» assimilation reaction hitherto undescribed. 

3. The carboxyl and a-carbons of lactate are also incorporated into posi- 
tions 4 and 5 respectively of uric acid, but to a lesser extent than is the 
carboxyl carbon of glycine incorporated into position 4. It is thought, 
therefore, that lactate is converted to glycine by reactions involving the 
conversion of serine to glycine. 

4, Glycine and acetate are not directly interconvertible in the metabolism 
of the pigeon. The authors have suggested that the formation of a 3-car- 
bon intermediate of carbohydrate metabolism by a reaction involving COs2 
and the a-carbon of glycine might be a step in the oxidative and glycogenic 
metabolism of glycine. 
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CRYSTALLINE ACTIVATED PROTEIN B (CHYMOTRYPSIN B)* 
By KENNETH D. BROWN,{ ROBERT E. SHUPE, anp M. LASKOWSKI 


(From the Department of Biochemistry, Marquette University School of Medicine, 
Milwaukee) 
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The protein isolated from beef pancreas (1) was recently identified as 
the zymogen of a proteolytic enzyme and provisionally called protein B (2). 

In this paper a method of crystallization of the activated enzyme is de- 
scribed. Further properties of this enzyme have been studied, suggesting 
that the activated protein B belongs to the group of chymotrypsins. The 
strongest evidence for this conclusion came from the work of Dr. Fruton 
(3) in which the specificity of the activated protein B toward several syn- 
thetic peptides has been investigated. The activity was found to be similar 
to that of the group of chymotrypsins. In view of our own, and parti- 
cularly Dr. Fruton’s results, we have proposed the name chymotrypsin B 
for the active enzyme and chymotrypsinogen B for the unactivated form. 


EXPERIMENTAL 


The unactivated protein B was prepared according to the method pre- 
viously described for protein Bz (2). Since it has been shown that forms 
B, and Bg were interchangeable, it was found convenient to prepare protein 
Bin the form Bzonly. Prior to the activation, protein B was recrystallized 
a minimum of five times. 

5 gm. of the crystalline zymogen were dissolved in 75 ml. of 0.2 m borate 
buffer, pH 7.8, and the pH adjusted to 7.8. 1 mg. of crystalline trypsin, 
equivalent to 5.5 Kunitz (4) trypsin units, was added to each 1.5 gm. of 
the zymogen. The solution was left at 5°. Every 24 hours a minimum of 
eight 1 ml. samples of enzyme containing from 1 to 100 y of protein was 
incubated with 1 ml. of standard 1 per cent casein (in phosphate buffer, pH 
7.6) for 20 minutes at 37°. The activity! was determined on the trichloro- 
acetic acid centrifugate spectrophotometrically by the method of Kunitz 

* Aided by grants from the Donner Foundation, Inc., and the John and Mary R. 
Markle Foundation. 

+ Some of the data included in this report were taken from a thesis to be submitted 
by Kenneth D. Brown to the Graduate School of Marquette University in partial 
fulfilment of the degree of Master of Science. 

‘No numerical unit of activity was introduced. For the purpose of this work, it 
was found most convenient to compare the activity of an unknown with a standard 


(Fig. 4). When necessary, the potency of the unknown was expressed in per cent of 
the standard. 
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(4). The results of one such experiment are shown in Fig. 1. Maximum 
activity was usually attained in 72 hours. 

At this time the mixture was transferred to a cellophane dialyzing sac 
and dialyzed for 72 hours against 0.01 m acetate buffer, pH 5.5 at 5°, the 
outside buffer being changed frequently. A heavy, amorphous precipitate 
resulted. This precipitate was centrifuged with difficulty (3 hours at 
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Fic. 1. Activation of protein B by trypsin 


5000 r.p.m.) and dissolved in a minimum of water, made pH 4.0 by the 
addition of N sulfuric acid. The small amount of gelatinous, insoluble 
material was removed by centrifugation and the clear centrifugate was 
dialyzed against 0.01 m acetate buffer, pH 5.5. The resulting precipitate 
was semicrystalline. ‘The precipitate was centrifuged and dissolved at pH 
7.8. This solution was dialyzed against 0.01 M acetate buffer, pH 5.5. The 
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resulting precipitate was crystalline, Fig. 2... These crystals were dissolved 
at pH 4.0 and dialyzed against 0.01 M acetate buffer, pH 5.5. The result- 
ing precipitate was crystalline, Fig. 3. It is of interest to note that, when 
the crystallization was induced by lowering the pH, the needle form shown 
in Fig. 2 was obtained. On the other hand, when the crystallization was 
induced by raising the pH, the prisms (short and elongated, Fig. 3) resulted. 
It was not uncommon to obtain from both procedures macroscopic crystals. 
As a standard procedure, the activated form was recrystallized four times, 
the methods described above being alternated. At this stage the active en- 
zyme Was lyophilized with no significant loss of activity and in this form the 





Fic. 2. Crystalline activated protein B obtained by lowering the pH from 7.8 to 


05 K* Zi: 


preparation was stable. Fig. 4 shows the results of an experiment in which 
three successive recrystallizations of the same batch of activated protein B 
were tested for activity. The other two sets of points in Fig. 4 represent two 
successive recrystallizations of a different batch of activated protein B. 
As is seen in Fig. 4, all points are within the experimental error of the method 
and are represented by one curve. Three successive activity determina- 
tions of the same batch of activated protein B without intervening recrys- 
tallizations resulted in as great a variation as that shown in Fig. 4. It was 
concluded, therefore, that crystalline activated protein B represented an 
enzyme of uniform activity which persisted upon subsequent recrystal- 
lizations. 
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The activity of this enzyme on casein has been compared to that of 
crystalline chymotrypsin @ and crystalline trypsin.2. The results are shown 
in Fig. 5. The curve obtained with crystalline trypsin was identical with 
Fig. 14 of Kunitz (4). The difference between activated protein B and 
trypsin was very pronounced in respect to the initial velocity of the reac- 
tion and to the end-point of digestion. This confirmed our previous find- 
ings (2) concerning the non-identity of activated protein B and trypsin. 
By comparing the curves representing activated protein B and chymotryp- 
sin, it was seen that the shapes of both were very similar. They differed, 
however, in that the velocity of the reaction with activated protein B was 
considerably slower. 
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Fig. 3. Crystalline activated protein B obtained by raising the pH from 4.0 to 
5.5; X 210. 


The similarity in shape of the curves representing chymotrypsin and 
activated protein B confirmed our previous suspicion (2) that these two 


substances were related. Activated protein B was tested for its ability 


to clot milk, and 100 y of this enzyme were required to clot 3 ml. of un- 
treated milk in 2.5 minutes. It was decided, therefore, to perform the 
following experiment (Fig. 6). Four 1 ml. samples of standard casein 
were incubated with 10 y of activated protein B for 20 minutes at 37°. At 
that time the first tube received 3 ml. of 5 per cent trichloroacetic acid and 
the remaining three tubes received 10 y of trypsin, 10 y of chymotrypsin, 


2 We are greatly indebted to Dr. Kunitz for furnishing us with a sample of crystal 
line trypsin. 
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and 10 y of activated protein B respectively. These three tubes were in- 
cubated for the next 20 minutes and the reaction was stopped by the ad- 
dition of 3 ml. of 5 per cent trichloroacetic acid per tube. 10 y of activated 
protein B were then added to the first tube (Fig. 6, A). 


12 


-~ be 
+ e 
oO r 


ity at 280 mu 
Oo 
e-) 


crease th aenst 
° 
o 


¥ 


2 
4 


© 
& 


In 








Q +4 
oO 40 80 120 t5O 200 





x Protein per ml.enzyme solution 
Fic. 4. Constant activity of crystalline activated protein B through several con- 
secutive recrystallizations. @, first recrystallization of Sample 1; A, second re- 
erystallization of Sample 1; O, third recrystallization of Sample 1; 0, first reerystal- 
lization of Sample 2; X, second recrystallization of Sample 2. 


An analogous experiment with 100 y of activated protein B for the initial 
digestion of 40 minutes and 100 y of the three respective enzymes added 
for the additional digestion of 40 minutes are shown in Fig. 6, C. The 
next experiment of this group was identical to the latter, with the exception 
that the initial digestion was carried out with 100 y of trypsin (Fig. 6, B). 
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Finally, an analogous experiment was performed in which the initia] 
digestion of 40 minutes was carried out with 100 y of chymotrypsin. The 
three enzymes were then added and the digestion was continued for 40 
minutes (Fig. 6, D). Only the curve representing the addition of chymo- 
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Fic. 5. Comparison of activity of crystalline trypsin, crystalline chymotrypsin 
and crystalline activated protein B. 


trypsin is shown, since the other values were too close to be clearly repre- 
sented graphically. The results of these experiments showed that (1) the 
final state of digestion of casein by chymotrypsin, resulting in an optical 
density of approximately 1.400, could not be reached by the digestion 
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Chymotrypsin 
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Fic. 6. Effect of the addition of different enzymes to the partially digested casein; 
A, 20 minutes digestion with 10 y of activated protein B, followed by 20 minutes 
digestion with 10 y of trypsin, chymotrypsin, and activated protein B respectively. 
B, 40 minutes digestion with 100 y of trypsin, followed by 40 minutes digestion with 
100 y of trypsin, chymotrypsin, and activated protein B respectively. C, 40 min- 
utes digestion with 100 y of activated protein B, followed by 40 minutes digestion 
with 100 y of trypsin, chymotrypsin, and activated protein B respectively. D, 40 
minutes digestion with 100 y of chymotrypsin, followed by 40 minutes digestion 
with 100 y of chymotrypsin. 


With trypsin even when it was present in excess (Fig. 6, B, trypsin); that 
(2) with sufficient excess of enzyme, both chymotrypsin and activated 











106 ACTIVATED PROTEIN B 


protein B reached the same stage of digestion (Fig. 6, C, D); and that (3) 
the rates of reaction of chymotrypsin and activated protein B were signi- 
ficantly different in all cases. 

According to Kunitz’s method (4) for the determination of specific light 
absorption at 280 muy, his factors for trypsin, 0.585, and chymotrypsin, 
0.500, were confirmed. The factor for activated protein B was found to 
be 0.600. 

Finally, attempts were made to crystallize chymotrypsin by the pro- 
cedure described for activated protein B. To date all attempts have been 
unsuccessful. It was found, however, that chymotrypsinogen can be 
easily crystallized by the procedure described for unactivated protein B, 
(2). Six recrystallizations of chymotrypsinogen by this method resulted 
in a formation of typical chymotrypsinogen needles, as shown by Kunitz 
and Northrop (5), with no tendency toward plate formation. 

From the accumulated evidence it was concluded that the activated 


protein B belongs to the group of chymotrypsins. Direct comparison, 


with chymotrypsin @ and comparison with the data available for chymo- 
trypsins 6 and y led to the conclusion that activated protein B was not 
identical with any of these enzymes. It was decided to name activated 
protein B chymotrypsin B, in preference to chymotrypsin 6, in order to 
stress the different rates of reaction with casein. Similarly, since neither 
chymotrypsin 8 nor chymotrypsin y has a known zymogen, it was felt ad- 
visable to make this choice rather than to extend the Greek series. | There- 
fore, the unactivated protein B may be conveniently named chymotrypsino- 
gen B. 


SUMMARY 


A method of crystallization of activated protein B has been described. 
The protein thus obtained maintained constant proteolytic activity through 
several successive recrystallizations. It was concluded that this crystal- 
line substance represented a uniform proteolytic enzyme. 

From the study of the proteolytic action of this enzyme by the digestion 
of casein, as well as from its ability to clot milk, and particularly on the 
evidence of Dr. Fruton’s work, it was concluded that this enzyme belongs 
to the group of chymotrypsins. 

From the comparison of the rates of digestion of casein and the coeffici- 
ents of light absorption at 280 my it was concluded that activated protein 
B is not identical with chymotrypsin a. 

The name chymotrypsin B was suggested for the activated form and 
chymotrypsinogen B for the unactivated form. 
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The authors wish to thank Mr. L. C. Massopust for the photographs and 
drawings accompanying this paper. 
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SPECIFICITY OF CHYMOTRYPSIN B 


By JOSEPH S. FRUTON 
(From the. Department of Physiological Chemistry, Yale University, New Haven) 


(Received for publication, November 29, 1947) 


Brown, Shupe, and Laskowski (1) have described the isolation, from 
beef pancreas, of a crystalline proteolytic enzyme which they have named 
“activated protein B” or “chymotrypsin B.” Through the kindness of 
Dr. Laskowski who provided us with a 4 times recrystallized sample of 
this enzyme, it was possible to examine its action on a series of synthetic 
peptides and peptide derivatives. The data presented in Table I show 
that, of the compounds tested as possible substrates, only carbobenzoxy- 
L-tyrosylglycinamide, carbobenzoxyglycyl-L-tyrosylglycinamide, glycyl- 
L-tyrosinamide, glycyl-L-phenylalaninamide, L-tyrosylglycinamide, and 
L-phenylalanylglycinamide are hydrolyzed to an appreciable extent. It 
has been reported in previous communications (2, 3) that the substances 
named above are substrates for the crystalline chymotrypsin of Kunitz 
and Northrop (4), and that the site of hydrolysis is, in each case, at the 
peptide linkage involving the carbonyl group of the aromatic amino acid 
residue. In addition, earlier experiments (2) have shown no difference in 
specificity toward synthetic substrates between chymotrypsin and y- 
chymotrypsin, the latter enzyme having been prepared by Kunitz (5) 
from chymotrypsin. 

In contrast to the action of activated protein B on the substrates for 
chymotrypsin, no hydrolysis was found in the case of benzoyl-L-arginin- 
amide, which is a typical synthetic substrate for crystalline pancreatic 
trypsin. A similar negative result was noted for carbobenzoxyglycyl-L- 
phenylalanine, a substrate for crystalline pancreatic carboxypeptidase. 

The above data on the specificity of activated protein B support the 
view, expressed by Brown, Shupe, and Laskowski, that this enzyme belongs 
to the group of the chymotrypsins. 


SUMMARY 


The crystalline proteinase activated protein B of Brown, Shupe, and 
Laskowski catalyzes the hydrolysis of peptide derivatives previously found 
to be substrates for the crystalline chymotrypsin of Kunitz and Northrop. 
This result supports the conclusion that activated protein B is closely 
related to chymotrypsin. 
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TABLE | 
Action of Activated Protein B on Synthetic Substrates 
Substrate concentration, 0.05 m in the case of the soluble compounds. 0.125 
mm of the sparingly soluble substrates was weighed into 2.5 cc. volumetric flasks in 
which the enzymatic hydrolysis was performed. Enzyme concentration, 0.25 mg, 
of protein nitrogen per cc. of test solution; temperature, 38°, pH 7.3 to 7.6 (0.02 
veronal buffer). 











Substrate } Time | Hydrolysis* 
a - hea. 7 7 per ce a 

| 
Carbobenzoxy-.-tyrosylglycinamidet | 4 28 
20 | 71 
Carbobenzoxyglycyl-L-tyrosylglycinamidet 4 33 
20 74 
Glycyl-.L-tyrosinamide acetate 4 42 
20 77 
Glycyl-L-phenylalaninamide acetate 4 14 
20 $2 
L-Tyrosylglycinamide acetate 4 12 
| 20 29 
L-Phenylalanylglycinamide acetate | 4 | 10 
| 20 | 30 
Benzoyl-t-argininamide hydrochloride 20 | 2 
Carbobenzoxyglycyl-L-phenylalanine 20 J 
Carbobenzoxy-.-glutamyl-u-glutamic acid 20 2 
Benzoylglycinamidet 20 0 
Carbobenzoxy-.-isoglutamine 20 | 2 
Carbobenzoxy-.-serinamide 20 | 0 
Glycylglycylglycine 20 ] 





* The data in this column are expressed as per cent of the hydrolysis expected 
on the complete hydrolysis of one peptide linkage. The procedure employed in the 
determination of the extent of hydrolysis was the same as that described earlier (2). 

+ This substance was not in solution at the start of the experiment. 
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THE EFFECT OF METHYLTESTOSTERONE ON THE RATE 
OF SYNTHESIS OF CREATINE* 


By HENRY D. HOBERMAN,{ ETHAN A. H. SIMS,f{ anp 
WILLIAM W. ENGSTROM 


(From the Department of Internal Medicine, Yale University School 
of Medicine, New Haven) 


(Received for publication, November 28, 1947) 


After the daily administration of methyltestosterone to normal human 
subjects for several weeks, creatine usually appears in the urine in gradually 
increasing amounts (1,2). Because the creatinuria so induced is associated 
with an increase in the concentration of serum creatine, and also because 
the amount of urinary creatinine increases, it has been generally assumed 
that the synthesis of creatine is accelerated by methyltestosterone. 

The effect of methyltestosterone on the metabolism of creatine can be 
more directly observed by measuring the rate of turnover of creatine by 
isotope methcds. It has previously been shown that the rate of dilution of 
labeled body creatine, as reflected in the concentration of isotope in urinary 
creatinine, is a measure of the rate of replacement of depot creatine by 
endogenous creatine (3-5). By so tagging the body creatine of a normal 
male subject subsisting on a diet as free of creatine and creatinine as possi- 
ble, the rate of synthesis of creatine before and during the administration 
of methyltestosterone has been measured. Evidence will be presented that 
methyltestosterone does increase the rate of synthesis of creatine. That 
this is specifically brought about by its effect on the reaction or reactions 
involved in the formation of guanidoacetic acid is indicated by other data. 


EXPERIMENTAL 


2 weeks before the administration of isotopic creatine the subject 
(H. D. H.) was placed on a diet free of meat or meat products. Milk con- 
sumption was limited to 250 ml. per day. The creatine of the body was 
then labeled with isotopic nitrogen by the intravenous administration of 
1.67 gm. of creatine (19.4 mg. per kilo) containing 31 atom per cent excess 
N® and 1.5 gm. of guanidoacetic acid (17.5 mg. per kilo) containing 30.5 
atom per cent excess N™, both in the a position. The isotopic creatine 
was synthesized as described (5, 6); the N™ guanidoacetic acid was pre- 


* Aided by a grant from the Fluid Research Fund, Yale University School of 
Medicine. 

+ Alexander Brown Coxe Memorial Fellow. 

t James Hudson Brown Memorial Research Fellow. 
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pared by the method of Brand and Brand (7). Isolation of urinary cre- 
atinine for the analysis of N® was begun on the 5th day after the isotopic 
creatine was given, and from that time every 7th day for 49 days. During 
the 6 intervening days of each period, urine specimens were pooled and 
analyzed for creatine, creatinine, and guanidoacetic acid. The method 
of Peters (8) was used for the measurement of creatine and creatinine, 
and that of Hoberman (9) for guanidoacetic acid. The isolated creatinine 
was degraded to sarcosine, as described (5). The sarcosine, isolated as 
the toluene sulfonyl derivative, was analyzed for N™ in a mass spectrom- 
eter constructed according to the specifications of Nier (10). 
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Fig. 1. Changes in the isotope concentration of urinary creatinine observed before 
and during the administration of methyltestosterone. The broken line is an extra 
polation of the curve obtained during the control period. 


A control period of 20 days followed the day on which the first sample 
of creatinine was isolated. Thereafter 50 mg. of methyltestosterone were 
taken daily by mouth for 28 consecutive days. 


Results 


The changes in the isotope concentration of the urinary creatinine during 
the control period of 21 days and during the ensuing 28 days on methyl- 
testosterone are shown in Fig. 1. The slope of the straight line from 
t = 0 to ¢t = 21, obtained by plotting the data semilogarithmically, is 
0.0148. This has been shown to be the fraction of the total body creatine 
which undergoes replacement each day (5). Since the average creatinine 
excretion during the control period was 1.76 gm. per day, equivalent to 
2.04 gm. of creatine per day, the average total body creatine during this 
period is calculated to be 2.04/0.0143 = 143 gm. 
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After methyltestosterone has been taken for 1 week, the slope of the 
curve of Fig. 1 becomes steeper, denoting a more rapid rate of dilution of 
body creatine than during the control period. In a previous paper (5) it 
was shown that, for the condition of a changing total body creatine, labeled 
with isotope, the amount of creatine at any time / can be calculated by the 
substitution into the equation 

G = Coo enkt 
C 
where Cy and C are the isotope concentrations of the urinary creatinine at 
time t = 0 and (, respectively; Go and G are the amounts of total body cre- 
atine at ¢ = 0 and ¢, respectively, and /: is the turnover constant. For the 
application of this equation to the present study it has been assumed that 
methyltestosterone does not alter the fraction of the total body creatine 
which undergoes conversion to creatinine. With Cy = 0.400 atom per 


TABLE I 
Changes in Body Creatine Observed during Ingestion of Methyltestosterone 








Time N’5 in creatinine Total body creatine 
days | atom per cent excess gm. 
0 | 0.400 143 
7 | 0.345 150 
14 0.307 152 
21 | 0.268 158 


28 0.230 167 


cent excess (the N' concentration of the urinary creatinine isolated on the 
last day of the control period), Go = 143 gm. and k = 0.0143 per day, G 
has been calculated for the 28 day period, during which methyltestosterone 
was administered. The results of these calculations are shown in Table I. 
It is apparent that the body depots gained 24 gm. of creatine in the 
period during which methyltestosterone was taken. ‘The average rate of 
synthesis of creatine therefore increased approximately 40 per cent. 
Graphical integration of the data of the last column in Table I permits 
calculation of the average expected creatinine excretion according to 


é = k 


where é is the average expected creatinine excretion (expressed as gm. of 
creatine per day), and G is the average number of gm. of creatine in the 
body, the integration being performed over the 28 day period during which 
methyltestosterone was given. By this method é was calculated to be 
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2.19 gm. per day. The average observed creatinine excretion during the 
same time interval was 1.85 gm. per day, equivalent to 2.14 gm. of creatine 
per day. The agreement between the calculated and observed creatinine 
excretion supports the assumption that during the period under observa- 
tion methyltestosterone was without effect on the process concerned with 
the transformation of creatine to creatinine. 

Although creatine could not be detected in the urine at any time during 
the experimental period, the urinary excretion of guanidoacetic acid in- 
creased approximately 70 per cent while methyltestosterone was adminis- 
tered. This is shown in Fig. 2. The rise in the excretion of urinary guan- 
idoacetic acid which occurred during the control period is not significant, 


170 





a 
° 


4 


130 + 


110 4 


90 - 


AVERAGE URINARY EXCRETION OF 
GUANICDOACETIC ACID IN MG. PER DAY 








70 % 
O 7 14 21 28 35 42 49 
TIME IN DAYS 


Fig. 2. Changes in the urinary excretion of guanidoacetic acid before and during 
the administration of methyltestosterone. The solid area represents the period 
during which methyltestosterone was taken. 


since variations of this order of magnitude have not been uncommon in 
our experience. However, normal male urine has never been found to con- 
tain such large amounts of guanidoacetic acid as were excreted during the 
administration of methyltestosterone. 


DISCUSSION 


It is significant that the rate of creatine synthesis increased during the 
lst week of methyltestosterone administration. The fact that several 
weeks usually elapse before methyltestosterone induces creatinuria is believed 
to be related to the amount of creatine already present in the body tissues. 
Samuels et al. (2) found it possible to shorten this latent period by incor- 
porating extra creatine in the diet. The absence of a detectable amount 
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of creatine in the urine after 4 weeks of ingestion of methyltestosterone can 
be attributed to the omission of creatine from the diet. 

A rise in the amount of guanidoacetic acid excreted in the urine of nor- 
mal children has been reported by Hoagland ei al. (11) to follow the admin- 
istration of methyltestosterone. The excretion of greater amounts of 
guanidoacetic acid during the period of administration of methyltestoste- 
rone than during the control period indicates that the step which determines 
the rate of synthesis of creatine, at least under the conditions brought 
about by the ingestion of methyltestosterone, is related to the methylation 
of guanidoacetie acid. Borsook et al. (12) have presented evidence that 
guanidoacetic acid is formed in the kidneys in the human. Methyltestos- 
terone administered to patients with severe nephritis induced neither 


-creatinuria nor a significant rise in serum creatine (2). These observa- 


tions are consistent with the hypothesis that methyltestosterone increases 
the rate of formation of creatine specifically by its effect on the synthesis of 
guanidoacetic acid. ‘There is therefore no necessity of postulating that 
methyltestosterone acts in any way as a “methylating catalyst” (13). 

That the rate of creatine turnover is independent of the methionine 
content of the diet has been observed by Cohn et al. (4). It would appear 
that the rate of synthesis of creatine is determined under their conditions 
either by the rate of synthesis of guanidoacetic acid or by the concentra- 
tion of the enzyme or enzymes available for the process of methylation. 
Further it has been observed in the human that oral tolerance to guanido- 
acetic acid is not increased by the administration of an equivalent amount 
of methionine.’ It would therefore seem most probable that during the 
administration of methyltestosterone the rate of synthesis of creatine is 
limited by the concentration of catalysts required for the methylation of 
guanidoacetie acid. 


The authors wish to acknowledge the capable technical assistance of 
Mrs. Marta Tobey and to thank Mr. Joseph Doolittle for performing the 
isotope analyses. 


SUMMARY 


The effect of methyltestosterone on the rate of synthesis of creatine has 
been studied in a normal human subject by means of isotope methods. 
Evidence is presented that methyltestosterone promptly brought about an 
increase in the rate of synthesis of creatine. That this is specifically due to 
the effect of methyltestosterone on the reaction or reactions involved in the 
synthesis of guanidoacetic acid is indicated by other data. 


1 Unpublished observations. 
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SOME PROPERTIES OF AN UNIDENTIFIED CHICK GROWTH 
FACTOR FOUND IN CONDENSED FISH SOLUBLES* 


By A. R. ROBBLEE, C. A. NICHOL, W. W. CRAVENS, C. A. ELVEHJEM, 
AND es G. HALPIN 


(From the Departments of Poultry Husbandry and Biochemistry, College of Agriculture, 
University of Wisconsin, Madison) 


(Received for publication, December 4, 1947) 


In previous papers (1, 2) evidence was presented to show that condensed 
fish solubles produced a marked increase in the growth rate of chicks on 
diets containing an adequate level of vitamins and essential amino acids. 
Berry, Carrick, Roberts, and Hauge (8) found that a water extract of fish 
solubles was also active in stimulating the growth of chicks. Very little 
other information on the properties of the unidentified growth factor in 
fish solubles is available. The present investigation was undertaken to 
study some ot the properties of the factor. 


EXPERIMENTAL 


The chicks used were day-old straight run (New Hampshire 7 X 
single comb white Leghorn ? 2 ) cross-bred chicks which were the progeny 
of hens on Diet B-1 described previously (2). The experimental groups 
were housed in electrically heated batteries with raised screen floors. The 
chicks were individually wing-banded and were weighed at the beginning 
of the experiment and at weekly intervals thereafter. Feed and water were 
supplied ad libitum. The experiments were terminated at the end of 4 
weeks. The basal ration was the same as that reported in previous studies 
(1, 2) and consisted of ground yellow corn 35, wheat bran 10, wheat mid- 
dlings 10, dehydrated alfalfa leaf meal 5, soy bean oil meal 28, vitamin test 
casein 7.5, limestone grit 2.0, steamed bone meal 1.5, iodized salt 0.5, fish 
oil (2000 vitamin A, 400 vitamin D units) 0.5, and manganese sulfate 0.025 
gm., thiamine 0.3, mboflavin 0.6, niacin 5.0, calcium pantothenate 2.0, 
pyridoxine HCI 0.4, inositol 100.0, choline 150.0, p-aminobenzoic acid 10, 
biotin 0.02, folic acid 0.05, menadione 0.05, and a-tocopherol 0.3 mg. 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part from funds supplied by the Borden Company, 
New York, and by the Commercial Solvents Corporation, Terre Haute, Indiana. We 
are indebted to Merck and Company, Inc., Rahway, New Jersey, for crystalline vita- 
mins, to Dr. B. L. Hutchings of the Lederle Laboratories Division, American Cyan- 
amid Company, Pearl River, New York, for synthetic folie acid, and to the Borden 
Company, New York, for the supply of condensed fish solubles. 


117 











118 PROPERTIES OF CHICK GROWTH FACTOR 


Solubility of the factor was tested in water, 70 per cent MeOH, absolute 
MeOH, 70 per cent EtOH, 95 per cent EtOH, acetone, and ether. The 
water, alcohol, and acetone extracts were prepared in the following way, 
A weighed quantity of condensed fish solubles was mixed with sufficient 
solvent to result in the desired concentration allowing for the volume of 
water present in the fish solubles (50 per cent solids). The mixture was 
stirred mechanically for 1 hour at room temperature and filtered with 
suction through a Whatman No. 42 filter paper. The residue was reex- 
tracted twice with solvent of the desired concentration. The combined 
filtrates were concentrated and the organic solvents removed by distillation 
under reduced pressure. The residue remaining in the distillation flask 
was taken up in water. 

The ether extraction was carried out for 24 hours with a liquid-liquid 
extractor which is a modification of the one described by Hossfeld (4). 

Dialysis of fish solubles against distilled water was continued for 48 
hours. Synthetic sausage casing membrane was used. 

The extracts and the insoluble residues were mixed directly into the basal 
ration at a level equivalent to either 3 per cent or 6 per cent of the original 
condensed fish solubles. 

The results are presented in Table I. In each trial the unsupplemented 
basal group and the group fed the basal ration supplemented with 3 per cent 
condensed fish solubles serve as negative and positive controls. The aver- 
age weight of the chicks in each lot at 4 weeks of age is reported. A direct 
comparison of lots in different trials can be made by considering the per 
cent response which is calculated by considering the difference between 
the negative and positive controls as 100 per cent. 

In confirmation of the observation of Berry et al. (3) the active principle 
was found in the water extract (Lots 3 and 12). Some growth-promoting 
activity remained in the residue (Lots 4 and 13). The growth factor was 
extracted by 70 per cent MeOH (Lots 18 and 32) and by 70 per cent EtOH 
(Lot 14). With these solvents the degree of extraction was comparable to 
that obtained with water. Filtration and distillation were facilitated by 
the alcohols. The absolute methanol extract (Lot 20) caused some pro- 
motion of growth but a greater part of the activity was present in the 
residue (Lot 21) in contrast to a lower concentration of this solvent. 

The precipitate formed in 95 per cent EtOH at —4° (Lot 28) contained 
full growth-promoting activity, and only very slight solubility of the factor 
was evident under these conditions (Lot 27). In acetone the factor was 
completely insoluble (Lot 25) and full activity was present in the residue 
(Lot 26). 

Dialysates of condensed fish solubles (Lots 22, 35, and 39) gave a full 
response, indicating that the factor is readily dialyzable through synthetic 
sausage casing membrane. The growth stimulation obtained was of the 
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same order as that with water, 70 per cent MeOH, and 70 per cent EtOH 


extracts. 


TABLE I 


verage Weight and Comparative Response of Chicks to Various Fractions 0 Condensed 
d g g E I 


Trial No.| Lot No. 


— 


b cr ww CO bO 


10 
11 
12 
13 
14 


16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 


29 


31 
32 
33 
34 


35 - 


36 


Fish Solubles 


Supplement to basal ration 


None 

3% fish solubles 

H.O extract, fish solubles 
Residue, Lot 3 

Ether extract, fish solubles 
tesidue, Lot 5 


As Lot 2, pH 1, autoclaved 20 mins., 


lbs. 


As Lot 2, pH 7, autoclaved 20 mins., 


lbs. 


As Lot 2, pH 12, autoclaved 20 mins., 


lbs. 
None 
3% fish solubles 
H.O extract 
Residue, Lot 12 
70% ethanol extract 
Residue, Lot 14 
None 
3% fish solubles 
70% methanol extract 
Residue, Lot 18 
Absolute methanol extract 
Residue, Lot 20 


| Dialysate, fish solubles 
| None 


3% fish solubles 
100% acetone extract 
tesidue, Lot 25 
95% ethanol extract, —4 
Residue, Lot 27, —4° 
Enzyme digest 
None 
3% fish solubles 
70% methanol extract 
None 
| 3% fish solubles 
Dialysate, fish solubles 
| Residue, Lot 35 


per cent 


WN WwW 


Average | 


weight, 


4 wks. 


173 
233 
247 
226 
163 
246 
171 


198 
168 


232 
307 
287 
250 
285 
253 
197 
261 
278 
231 
266 
274 
264 
209 
298 
217 
306 
241 
312 
306 
192 
300 
303 
243 
288 
| 284 
| 274 


| per cent 


| Response 





100 
123 
88 
—-17 
+122 
—3 


42 


—§ 


100 
73 
24 
71 
28 


100 
126 

53 
108 
120 
105 


100 


108 

35 
115 
108 


100 
103 





100 
| 91 
69 
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TABLE I—Concluded 


Average 
Trial No. | Lot No. Supplement to basal ration weight, | Response 
| 4 wks. 
| per cent per cent 
7 | 37 None 176 
338 3% fish solubles 277 100 
39 Dialysate, fish solubles 3 286 109 
40 As Lot 39, heated at 100°, 2 hrs., pH 3 284 107 
4] MG. ¥ 4 Wie. we 26 296 119 
| 42 re ea vy MO: 3 9 263 86 
8 | 43 None 218 
44 3% fish solubles 307 100 
45 Dialysate =3 283 73 
46 As Lot 45, norit A filtrate 6 228 11 
47 fe) aD, «6 te =6 205 —15 
48 “* *" 45, Lloyd’s reagent filtrate 6 255 42 
49 ae ‘ . eluate 6 226 i) 


Adsorption of the growth factor from a dialysate of fish solubles was 
attempted with norit A (solution at pH 3.0) and Lloyd’s reagent (solution 
at pH 1.0). The low activity of the norit filtrate (Lot 46) indicates that 
the factor was adsorbed. Elution from norit was repeated three times 
with a mixture of 70 per cent MeOH and 5 per cent NH,OH at 70°. Re- 
moval of the factor from the charcoal was not successful, as was indicated 
by the eluate (Lot 47). The filtrate from Lloyd’s reagent (Lot 48) gave a 
response of 42 per cent, indicating only partial adsorption. Elution of 
Lloyd’s reagent was repeated three times with 0.5 N NaOH, but no activity 
was apparent in the eluate (Lot 49). 

The heat stability of the growth factor was studied under different con- 
ditions. Autoclaving condensed fish solubles (15 pounds pressure for 20 
minutes) in 0.1 N HCl and 0.1 nN NaOH resulted in complete loss of activity 
(Lots 7 and 9). In neutral solution over 50 per cent of the activity was 
destroyed under these conditions (Lot 8). Aliquots of a dialysate of con- 
densed fish solubles at pH 3, 6, and 9 were heated for 2 hours at 100°. This 
treatment did not cause any loss in activity at pH 3 or 6 (Lots 40 and 41 
and only slight loss in activity occurred at pH 9 (Lot 42). 

Because of the loss of activity due to autoclaving with acid and alkali, it 
seemed possible that the factor concerned could be hydrolyzed. To find 
out whether the activity could be destroyed by enzymatic hydrolysis, a 
300 gm. sample of fish solubles was made up to 4 liters in 1 per cent NasCO; 
and the pH adjusted to 8.1, 20 gm. of pancreatin and 10 gm. of crude intes- 
tinal mucosa were added to the solution, and the mixture was placed in an 
automatic shaker and incubated for 72 hours at 37°. The enzyme digest 
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was concentrated by distillation under reduced pressure to a volume of 300 
ec. and was mixed into the basal ration at a level of 3 per cent. No destruc- 
tion of activity resulted from this treatment, since a full growth response 
was obtained (Lot 29). 


DISCUSSION 


The growth factor present in condensed fish solubles was found to be 
soluble in water, 70 per cent methanol, and 70 per cent ethanol. The 
degree of solubility was decreased in absolute methanol and very slight 
solubility was evident in 95 per cent ethanol at —4°. The factor was 
insoluble in ether and acetone. Dialysates of condensed fish solubles con- 
tained nearly all of the growth activity present in the original material. 

Studies on stability indicate a fair degree of stability to heat in the inter- 
mediate pH range. However, autoclaving temperatures at 0.1 N acid or 
alkali destroyed the growth activity. Enzymatic digestion as carried out 
did not cause any loss of activity. The factor was apparently strongly 
adsorbed on norit A and to a less extent by Lloyd’s reagent. The elution 
procedures employed were not successful in removing the active material. 

Some relationship seems to exist between the growth factor in fish solubles 
and other materials with growth-promoting activity for the chick and rat. 
Jaffé and Elvehjem (5), in studies on the fractionation of a growth factor 
for rats present in liver, found that the factor was soluble in 60 per cent 
ethanol. The study also indicated that the factor concerned was strongly 
adsorbed and could be removed only by exhaustive elution. They noted 
that condensed fish solubles caused a stimulation in the growth rate of rats 
equivalent to that obtained with liver fractions. Nichol ef al. (1) in a 
study of sources of growth-promoting materials for chicks obtained an 
increase in the growth rate with whole liver powder and certain other liver 
preparations comparable to that obtained with fish solubles. 

The growth factor in cow manure, described by Rubin and Bird (6) and 
which was found to be active in previous tests (1) with the same basal 
ration employed in this study, was found to differ in certain properties from 
those obtained with fish solubles. The cow manure factor was reported to 
be non-dialyzable, while the factor in fish solubles can be dialyzed. A 
difference was also observed in solubility in 95 per cent ethanol. The 
possibility that more than one factor is involved would seem to have some 
basis. However, the differences with respect to the properties mentioned 
may be merely a difference in the manner in which the same factor exists 
in different source materials. 

SUMMARY 

The unidentified factor present in condensed fish solubles was found to 

have the following properties. 
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1. Soluble in water, 70 per cent methanol, 70 per cent ethanol. 

2. Somewhat soluble in absolute methanol and very slightly soluble in 
95 per cent ethanol. 

3. Insoluble in ether and acetone. 

4, Dialyzable through a cellophane membrane. 

5. Heat-stable (100° for 2 hours) over a range of pH 3 to 9; no loss in 
activity was caused by enzymatic digestion. 
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THE EFFECT OF SYNTHETIC PTERINS ON GROWTH 
AND HEMOGLOBIN FORMATION IN THE CHICK* 


By LOUISE J. DANIEL, M. L. SCOTT, L. C. NORRIS, anp 
G. F. HEUSER 


(From the Agricultural Experiment Station and the School of Nutrition, Cornell 
University, Ithaca) 


(Received for publication, December 11, 1947) 


As early as 1936 Tschesche and Wolf (1) reported that certain pterins» 
especially xanthopterin, were effective in alleviating the anemia which 
develops in rats fed a goat’s milk diet. Simmons and Norris (2) reported 
the hematopoietic effect of xanthopterin on an anemia in fingerling Chinook 
salmon which was produced by feeding a high protein diet. Totter and 
Day (3) found that xanthopterin had a partial effect in overcoming growth 
inhibition and leucopenia in the rat caused by the feeding of succinylsulfa- 
thiazole. Totter, Shukers, Kolson, Mims, and Day (4) reported that 
xanthopterin cured vitamin M deficiency in the monkey, and stated that 
their data suggested that xanthopterin is required by the monkey for nor- 
mal hematopoiesis. On the other hand, O’Dell and Hogan (5) found that 
xanthopterin had no curative action on anemia in chicks fed a diet deficient 
in vitamin B.. 

Thymine, when administered in large amounts, has been found by Spies, 
Vilter, Cline, and Frommeyer (6) to be effective in correcting certain human 
macrocytic anemias. Petering and Delor (7) have reported that thymine 
cannot substitute for folic acid in the nutrition of the rat. 

The study reported in this paper was undertaken to determine the bi- 
ological activity for the chick of a number of synthetic pterins and pyri- 
midines, several of which have been reported by Daniel and associates 
(8, 9) to have an inhibitory action on the growth of five species of bacteria. 
Approximately 60 compounds have been studied, but only those showing 
either vitamin or antivitamin activity will be discussed here. 


EXPERIMENTAL 


All experiments were conducted with day-old white Leghorn cockerels» 
which were housed in electrically heated batteries in a thermostatically 
controlled brooder house. All chicks were on wire mesh floors. Feed and 


* This work was undertaken in cooperation with the Office of Naval Research, 
Navy Department, Washington, D. C., and was aided by grants to Cornell University 
by Cerophyl Laboratories, Inc., Kansas City, Missouri, the Nutrition Foundation, 
Inc., New York, and the Western Condensing Company, Appleton, Wisconsin. The 
work was conducted in the Nutrition Laboratories of the Department of Poultry 
Husbandry. 
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EFFECT OF PTERINS ON GROWTH AND HB FORMATION 


TABLE I 


Compounds Used for Determination in Chicks of Biological Activity of Ptering 


and Pyrimidines 





Com- 
pound 
No. 





1 


bo 


“J 


oo 


13 


16 


17 


18 





Structure 








I, R = NH, R’ = R’ = H 

Il, R = NH;, R’ = R’ = H 

I, R = NH, R’ = R” = COOH 
II, R = NH:, R’ = R” = COOH 
I, R = OH, R’ = R” = COOH 


I, R = SH, R’ = R” = COOH 


I,R = NH, R’ = H, R” = COOH 


II, R = NH:, R’ = H, R” = COOH 


I, R = OH, R’ = H, R” = COOH 


— 
ae 
ce 

il 


SH, R’ = H, R’ = COOH 


R’ = OH, R” = COOH 


— 
- he 
e~ 
ll 


| I,R = NH2, R’ = OH, R” = COOH 


I, R = R’ = OH, R” = CH,COOC-Hs or R’ 


CH,COOC2H;, R” = OH 


I,R = NH, R’ = R” = CH; 


II, R = NH;, R’ = R” = CH; 


I,R = NH, R’ = H, R” = CH; 


| II, R = NH, R’ = H, R” = CH 


| I,R = NH:2, R’ = OH, R” = CH; or R’ = CH;, R” 
OH 





Name 


2-Amino-4-hydroxy- | 


pteridine 


,4-Diaminopteridine 
-Amino-4-hydroxy- 


6,7-dicarboxypteri- 
dine 


2,4-Diamino-6,7-di- 


carboxypteridine 


2,4-Dihydroxy-6,7- 


dicarboxypteridine 


2-Mercapto-4-hy- 


droxy-6,7-dicar- 
boxypteridine 


2-Amino-4-hydroxy-7- 


carboxypteridine 


2,4-Diamino-7-car- 


boxypteridine 


2,4-Dihydroxy-7-car 


boxypteridine 


2-Mercapto-4-hy- 


droxy-7-carboxy- 
pteridine 


2,4,6-Trihydroxy-7- 


carboxypteridine 


2-Amino-4,6-dihy- 


droxy-7-carboxy- 
pteridine 


2,4-Dihydroxy-6-(or 


7-)hydroxy-7-(or 
6-)carboxymethy]l- 
pteridine 


2-Amino-4-hydroxy 


6,7-dimethy]pteri- 
dine 


| 2,4-Diamino-6, 7-di- 


methylpteridine 


2-Amino-4-hydroxy-7- 


methyl pteridine 


| 2,4-Diamino-7-methyl- 


pteridine 


2-Amino-4-hydroxy-6 
(or 7-)hydroxy-7-(or 
6-)methyl pteridine 





Com 


poun 
No. 


19 


20 


21 




















21 


22 


23 


24 


26 


bo 
AN 


28 
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Structure 





ILR=R'= 


OH, R” = CH; or R’ = CH, R” = 


| 

| OH 

11 R = NH; R’ = R* = CH, 
| II, R = NHag, R’ = Rr” == C.Hs 


| I, R = NH, R’ = OH, R” = H 
LR=OH,R yo 2N\ 
| Re N 
\ 
OH 
I, R= OH, RE wo—/S\ 
R” N | 
WY 
NH, 
ILR=0OH,R /\ 
at. 
R’” | is, 
sy 
HO—/*S—on 


| nos 


i] 
| 
ti 


HNN 
| " 


| | 
wD 


= OH 


NH. 


| tN 





ae 


OH 


Name 





| 2,4-Dihydroxy-6-(or 


7-)hydroxy-7-(or 6-)- 
methylpteridine 


| 2-Amino-4-hydroxy- 


6, 7-dipheny]pteri- 
dine 
2,4-Diamino-6,7-di- 
phenylpteridine 
2-Amino-4,6-dihy- 
droxypteridine xan- 
thopterin) 


| Bisalloxazine 


6-Amino-2,4,8-trihy- 
droxypyrimido(4, 5- 
e) pteridine 


2,4-Dihydroxybenzo- 
(e) pteridine 


2,6-Dihydroxy-5- 
methylpyrimidine 
(thymine) 


2,6-Dihydroxy-4, 5- 
diaminopyrimidine 


| 2,4,5,6-Tetraoxy- 


pyrimidine (alloxan) 
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water were supplied ad libitum. Each treatment was started with fifteen 
chicks. 

The chicks were fed purified Diet 653, as described by Hill Norris, and 
Heuser (10). Microbiological assays, conducted upon the diet after it 
had been incubated with a folic acid conjugase preparation from fresh chick 
liver, showed that this basal diet contained approximately 2 y of folic acid 
per 100 gm. 

The chicks were weighed individually at weekly intervals. Hemoglobin 
levels were determined at the end of the experiment (4 weeks) by the me- 
thod of Robertson and Fiala! with 0.1 per cent NazCO; and by measuring 
the oxyhemoglobin colorimetrically with a Coleman spectrophotometer, 

Compounds Studied—The pterins and pyrimidines used in these experi- 
ments were synthesized by Cain and associates of the Chemistry Depart- 
ment, Cornell University. The syntheses of some of these compounds 
have already been reported (11, 12). The names and formulas of the 
compounds used are presented in Table I, for the simplification of which 
the two general structural formulas are presented. 


N N N N 
n’—7 **S—r R’—Y *\/'S—R 
R’—< 5 / ry R’—\ 5 J Z 
N ) N 
OH NH; 
(1) (II) 


Experiment 1—In this study, a factor 8 concentrate equivalent to 5 per 
cent dried brewers’ yeast was added to the basal diet. This supplementa- 
tion increased the folic acid content to 15 y per 100 gm. of diet. p-Amino- 
benzoic acid (PABA) was omitted from the basal diet. Each compound 
was added to the diet at a level of 20 mg. per 100 gm., with the exception of 
thymine, which was included at 500 y per 100 gm. 

The results of Experiment 1 are presented in Table II. The data show 
that many of the pterins and pyrimidines caused a significant increase in 
weight, although not in hemoglobin level. One pterin, 2-amino-4-hydroxy- 
6,7-dimethylpteridine (Compound 14), had a marked inhibitory effect on 
growth and hemoglobin formation. Several compounds reduced the hemo- 
globin content, and in one case, 2-amino-4,6-dihydroxy-7-methylpteridine 
(Compound 18), increased the weight but decreased the hemoglobin level. 
Compounds 12, 13, 19, and 27 produced about a 50 gm. increase in weight 
over that of the controls at 4 weeks of age. These differences proved to be 


1 Robertson, E. I., and Fiala, G. F., unpublished data. 
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highly significant when the data were analyzed statistically. Thymine 
caused a 30 gm. increase in weight which was not statistically significant. 

Experiments 2 and 3—¥For all subsequent studies it was decided to sub- 
stitute crude for purified casein, to omit the factor S preparation, and to 
supply 15 y of synthetic folic acid per 100 gm. of diet along with 0.01 per 
cent PABA. 


TABLE II 
Growth and Hemoglobin Responses of Chicks to Synthetic Pterins and Pyrimidines 











Supplement Com- Average weight — Statistical data 
onan EE nd Weight | Hb 
| gm. or bog se | | 
None* | 175 (14)t| 6.2 | | 
50 y folic acid 305 (15) 8.4 Highly significant | Highly significant 
3t 185 (12) 5.6 
5 211 (15) 6.2 Significant 
6 | 215 (15) 5.7 “ | 
ll 166 (11) 4.6 | | Significant§ 
12 220 (15) 5.4 Highly significant | 
13 228 (15) 6.5 | se = 
4 124 (12) | 3.3 | «“ ‘“ § | Highly significant§ 
18 216 (12) | 4.3 | Significant | Significant§ 
19 | 228 (13) | 6.9 | Highly significant 
22 176 (14) 5.5 | | 
23 212 (15) 5.7 | Significant 
24 | 217 (15) 6.0 « 
25 | 165 (14) 4.7 | Significant§ 
26 (Thymine) 207 (14) 6.3 | 
27 232 (15) 7.0 Highly significant 
28 (Alloxan) 211 (14) 6.2 Significant 


* The basal diet contained a crude preparation of factor S which brought the total 
amount of folie acid in the diet to 15 y per 100 gm. 


+ The numbers in parentheses represent the number of surviving chicks of the 
fifteen started. 

t The compounds were added at a level of 20 mg. per 100 gm. of diet, with the ex- 
ception of thymine, which was at 500 y per 100 gm. 

§ Less than the controls. 


The results of Experiments 2 and 3 are presented in Table III. The 
most striking effect produced by the compounds used in Experiment 2 was 
upon hemoglobin formation. The acid derivatives, especially the 7-car- 
boxypteridines (Compounds 7 to 10), were the most effective. As found 
in Experiment 1, Compound 14, 2-amino-4-hydroxy-6 ,7-dimethylpteridine, 
caused a decrease in weight that was significantly different from that of the 
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controls. However, in this experiment the hemoglobin was unaffected by 
this compound. 

The only pterin in Experiment 3 which had any effect was 2-amino-4- 
hydroxy-6 ,7-diphenylpteridine (Compound 20). It markedly decreased 

















TaB_e III 
Growth and Hemoglobin Responses of Chicks to Several Series of Related Ptering 
c j Saet ee —————— 
4 me iaiitiads Statistical data 
$ | Supplement Com | welantsa | heme” | — — 
Z | . Weight Hb 
La = lies a! Sane, : Pee ree ee =, eee 
| ) am 1805 Ba | 
2 | None* | 196 (15)¢) 6.1 
| 50 y folic acid 280 (15) | 10.4 | Highly significant | Highly significant 
| 3t 204 (12) | 6.4 | | 
| 4 188 (14) | Tis 3 | Significant 
5 197 (14) | 6.6 | 
6 201 (13) | 7.7 | Highly significant 
L @ 238 (15) 8.3 | Significant os ne 
ie 217 (14) | 9.8 pos 
| 9 203 (15) (ior Ay = 
| 10 225 (14) | 7.6 | “ ‘ 
| 14 152 (12) | 5.5 | Significant§ | 
| 15 188 (14) | 5.6 | 
16 185 (13) 6.7 | | 
17 ; 185 (14) | 6.6 | 
3 | None* 191 (11) | 6.1 | 
50 y folic acid | 262 (15) 8.7 | Highly significant | Highly significant 
1 | 168 (18) | 5.2 | 
| 2 | 176 (15) | 5.5 | 
20 107 (7) | 3.8} Highly significant§ | Significant$ 
21 162 ( 9) 5.4 


26 (Thymine) 155 (13) 5.6 | Significant§ 

* The basal diet of both experiments contained 15 y per 100 gm. of added synthetic 
folic acid. 

+ The numbers in parentheses represent the number of surviving chicks of the 
fifteen started. 

¢t The compounds were included at the level of 20 mg. per 100 gm. of diet, including 
thymine. 

§ Less than the controls. 





growth and produced a significant lowering of the hemoglobin level. In 
this experiment thymine, at 20 mg. per 100 gm. of diet, decreased growth 
somewhat, but had no effect upon the hemoglobin level. 

Experiment 4—Experiment 4 was designed to study the oral versus the 
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injected administration of 2,4-diamino-6 ,7-diphenylpteridine (Compound 
21) and to repeat the feeding of 2-amino-4-hydroxy-6 , 7-diphenylpteridine 
(Compound 20). Crude casein, PABA, and 15 y of folic acid per 100 gm. 
were included in the basal diet. All compounds administered orally were 
included at the level of 20 mg. per 100 gm. of diet. One lot received 50 
y of Compound 21 dissolved in 0.5 ml. of physiological saline by injection 
into the breast muscle of each chick twice a day for the lst week. There- 
after, 1 ml. of this solution was injected daily. At the end of the 4th week, 
approximately 1 ml. of blood was removed from the wing vein of each chick 
in all lots. The blood from five chicks was pooled, and folic acid was 


TaBLe IV 
Effect of 2,4-Diaminopleridine (Compound 21) and Its 2-Amino-4-hydroxy Analogue 
(Compound 20) upon Growth, Hemoglobin Formation, and Folic Acid Content of 
Liver and Blood in Chicks 


Folic acid in 








Supplement Compound No Average weight, 4 wks. | png ee og A —— ee 
| Liver* } Bloodt 
gm. gm. per 100 ml. | 7 my per ml, 

Nonet 238 (15)§ | 8.1 5.4 1.11 
21 (injected) 244 (15) | 7.4 3.0 0.68 
21 (in feed) 242 (15) |. “ta 2.9 | 0.62 
20 « « 222 (15) | 6.9 1.3 0.25 
50 y folie acid 241 (14) 8.1 7.8 0.91 


* Average of ten livers per lot. 

+ Every value is the average of three samples, each containing the pooled blood 
from five chicks. 

t The basal diet contained 15 y of added synthetic folic acid per 100 gm. 

§ The numbers in parentheses represent the number of surviving chicks of the 
fifteen started. 

|| This value is significantly lower than that of the control. 





determined on each pooled sample. The livers were removed from ten 
chicks in each lot and the amount of free folic acid was determined on each 
liver. Folic acid was determined by a modification (8) of the Streptococcus 
faecalis method of Luckey, Briggs, and Elvehjem (13). The samples of 
blood were diluted 1:2 with H,O and steamed for 30 minutes, after which 
they were filtered through Whatman No. 44 filter paper with Celite filter 
aid and suction. ‘The livers were ground individually in a Waring blendor 
in phosphate buffer at pH 7.0, centrifuged, made to the desired concentra- 
tion, autoclaved for 15 minutes, and filtered. 

The results of Experiment 4 are presented in Table [V. It is apparent 
from the data that the chicks grew better on the folic acid-deficient diet 
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in Experiment 4 than in Experiments 2 and 3. Despite the fact that the 
growth response in the lot receiving 50 y of folic acid per 100 gm. of diet was 
not quite up to that obtained in the previous experiments, the microbi- 
ological data for this lot appear to be in accord with the rest of the data, 

There were no differences in the results obtained when Compound 2] 
was injected as compared to its oral administration. Compound 20, 2- 
amino-4-hydroxy-6 ,7-diphenylpteridine, caused a significant decrease in 
hemoglobin level, but did not affect weight. The folic acid values for the 
liver and blood were decidedly less when either of the pterins was supplied. 
Compound 20, however, produced the greatest decrease in the liver and 
blood folic acid, these values being reduced in this case to approximately 
25 per cent of those of the control lot. 

Experiment 5—This study was conducted to determine whether or not 
the addition of a sulfonamide together with pterin, Compound 14, would 
increase or decrease the inhibitory effect of this pterm upon chick growth 
and hemoglobin formation. Information was also desired as to whether 
the inhibitory effect of the pterin alone could be neutralized by added folie 
acid. PABA was omitted from the diet of the chicks receiving the sulfona- 
mide. A complete blood study was made on five chicks from the lot re- 
ceiving 15 y of folic acid and on five chicks from the lot receiving 15 y of 
folic acid plus pterin No. 14. The results of the experiment are presented 
in Table V. As in Experiment 4, the growth and hemoglobin levels of the 
chicks receiving 15 y of folic acid per 100 gm. of diet were unusually high. 
A possible explanation of this apparent reduction in folie acid requirement 
is that Experiments 4 and 5 were conducted with chicks from hens having 
access to the green range of early summer. Eggs from such hens may con- 
tain a larger storage of folic acid, which would allow chicks from these eggs 
to maintain a higher growth rate for the Ist few weeks on a folie acid-de- 
ficient diet. 

Compound 14, 2-amino-4-hydroxy-6,7-dimethylpteridine, again signi- 
ficantly depressed growth and hemoglobin formation. The addition of 60 
y of folic acid to the 20 mg. of Compound 14 caused a 74 gm. increase in 
weight and an increase in hemoglobin level of 1.4 gm. per 100 ml. of blood. 
However, these values, especially the hemoglobin level, are not quite 
normal. Evidently enough folic acid had not been added to counteract 
completely the inhibitory effects of the compound. 

In Experiment 5, 2 per cent succinylsulfathiazole did not depress growth, 
but did decrease the hemoglobin level significantly. This is contrary to 
the earlier findings of Robertson, Daniel, Farmer, Norris, and Heuser (14). 
However, it may be explained by the fact that in the present work crude 
casein was used instead of the purified casein used earlier. Nevertheless, 
the addition of Compound 14 to 15 y of folic acid and 2 per cent sulfona- 
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mide did not alter the usual inhibitory effect obtained with this pterin. 
From these data it may be stated that the sulfonamide-sensitive bacteria 
in the intestinal tract of the chick were not responsible for the antagonistic 
action of this pterin. 

The results of the blood study indicate that the addition of the com- 
pound caused a decrease in red blood cells, a decided lowering in hematocrit, 
and a resultant macrocytic anemia. The unusual responses to 15 y of 
folic acid per 100 gm. of diet by these chicks were substantiated by the 
blood picture. The number of red blood cells was almost normal, as was 


TaBLe V 
Effect of Folic Acid and Sulfonamide on Action of 2-Amino-4-hydroxy-6 ,7-dimethyl- 
pteridine (Compound 14) in Chicks 





Avetabe Average Average Average Peng 4 
Supplement | weight, 4 wks. —— a hematocrit | puscular 
| : | | volume 
am. | er 100 milions | ml e100 oy, cram 
15 y folic acid 270 (14)* | 9.5 2.26 | 29 | 127 
Ge ey | 307 (15) | 9.0 | 
Ib“ « “© + pterint | 208 (14) | 5.6 | 0.97 4 | 148 
eM 282 (13) | 7.0 | 
5S “* * + 2% sulfon- | 255 (15) 7.0 | 
amide$ 
15 y folic acid + 2% sulfon- | 219 (13) 5.0 


amide + pterin | 


* The numbers in parentheses represent the number of surviving chicks of the 
fifteen started. 

+ The values in the last three columns are the averages of determinations on five 
chicks. 

t Pterin added at 20 mg. per 100 gm. of diet. 

§ Succinylsulfathiazole. 


the hematocrit. The cells were slightly macrocytic when compared with 
those of the chicks receiving a higher level of folie acid reported in the 
Experiment 6. 

Experiment 6—The purpose of Experiment 6 was to determine whether 
a high level of folic acid would overcome the antagonistic action of an 
inhibitory pterin, and to ascertain any differences resulting from injecting 
the compound, as compared to its oral administration. At the end of this 
experiment a complete blood study was performed on eight chicks from each 
lot. ‘The results of Experiment 6 are presented in Table VI. 

The addition of a relatively large amount of folic acid completely cor- 
rected the low hemoglobin level induced by the pterin, and restored prac- 
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tically normal growth. The slight difference in weight between the lot 
receiving the pterin plus 200 y of folic acid and the lot receiving 200 y of 
folic acid alone did not prove to be significant. The data on the blood 
picture verify the evidence obtained in Experiment 5 that the inhibitory 
effect of the pterin can be overcome by adding sufficient folic acid. 

Oral administration of the pterin caused a somewhat more severe anemia 
than was obtained on the basal level of folic acid alone. The hemoglobin 
was decreased, as were the hematocrit and the number of red blood cells, 
The mean corpuscular volume, however, was unchanged. ‘The folic acid 


TaBLE VI 
Effect of Injecting and Feeding 2-Amino-4-hydroxy-6 ,7-dimethylpteridine (Compound 
14); Counteracting Effect of Folic Acid 


Arnie Average Average |Average| meat Folic 

Supplement weight, aeke. — re aot 1 — ( : “ 2 poet 
— gm. per 100| millions | ml. per cu. pany 

anil ml per c.mm. | 100 ml. microns| ml. 

15 y folie acid 151 (14)t 5.9 0:96t 13¢ | 130 | 1.08 
a “ + pterin (oral)§ 99 (10) 4.2 0.88 11 131 0.63 
Gens “+ pterin (in- 127 (15) 5.2 1.26 iS 142 1.07 

jected) || 

200 y folic acid + pterin (oral) 241 (11) 9.9 2.60 29 112 1.67 
200 “ folic acid 272 (12) 10.3 2.42 28 114 3.75 


* Each value is the average of three samples containing pooled blood from four to 
five chicks. 

+ The numbers in parentheses represent the number of surviving chicks of the 
fifteen started. 

t The values in these three columns are the averages of determinations on eight 
chicks. 

§ Pterin added at 20 mg. per 100 gm. of diet. 

|| Pterin injected intramuscularly at the level of 100 y per day. 


content of the blood was decreased. ‘The injection of the pterin at a level 
of 100 y per chick per day was much less effective in producing inhibition 
than when it was added to the feed. However, the amount of pterin con- 
sumed per chick per day in the feed was from 1400 y the Ist week to 2000 
the 4th week. The addition of 200 y of folic acid to the feed containing the 
pterin corrected all phases of the anemia. 


DISCUSSION 


The data presented in this report indicate that several pterins and pyri- 
midines were utilized by the chick for growth and hemoglobin formation on 
a folic acid-deficient diet. However, the responses were not maximum, 
even when the amount fed was approximately 400 times the folie acid 
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requirements for growth and hemoglobin formation in white Leghorn 
chicks. In the course of these studies, two pterins were found to inhibit 
growth and hemoglobin formation markedly when added to a diet containing 
a suboptimum level of folic acid. 

The presence of folic acid in a suboptimum amount was found to be 
necessary to effect any response from the compounds. In preliminary 
experiments not reported here, several of the same pterins that showed a 
growth response in Experiments 1 and 2 were ineffective when supple- 
menting the basal diet containing no added folic acid. The pterins that 
inhibited chick growth could not be expected to have an effect on this 
diet which is severely deficient in folic acid, except to increase mortality, 
since the weights of the surviving chicks were very low (100 gm. at 4 
weeks). A possible explanation for the growth-promoting effect of several 
of the pterins on the diet containing a low level of folic acid only is that the 
intestinal bacteria, in the presence of folic acid, are able to grow and thereby 
convert these compounds into substances having folic acid activity for the 
chick. Without folic acid, however, this synthesis does not occur. How- 
ever, it is doubtful whether much synthesis of folic acid takes place on this 
diet in the presence of 2.0 per cent succinylsulfathiazole. It is possible 
that other necessary precursors of folie acid are not present in the diet. 

Greater increases in growth oecurred when the crude factor S fraction was 
present in the diet than when synthetic folic acid was added at the same 
level as that supplied by the factor S preparation. It is doubtful whether 
this response can be attributed to factor S (strepogenin) itself, since in Ex- 
periments 2 and 3 crude casein was used, and this product contains factor 
5 far in excess of the factor 8S requirement of the chick, as reported by 
Scott, Norris, and Heuser (15). It is possible that some other substance 
present in the crude preparation may have enabled the intestinal bacteria 
to synthesize more folic acid from these compounds. 

It is of interest to compare the microbiological results obtained with some 
of these compounds with the results obtained with the chicks. The 2,4- 
diaminopterins markedly inhibited bacterial growth. On the other hand, 
these pterins had no effect on growth or hemoglobin formation in the chick. 
Two compounds, however, which consistently inhibited growth and hemo- 
globin formation, were 2-amino-4-hydroxy-6,7-dimethylpteridine (Com- 
pound 14) and 2-amino-4-hydroxy-6,7-diphenylpteridine (Compound 20). 
These pterins resemble the pteridine nucleus of folic acid in the 2 and 4 posi- 
tions, and are therefore more nearly similar to the pterin of folic acid than are 
the 2,4-diaminopterins. In Experiment 4, the blood and liver folic acid 
values indicated that even the diaminopterin affected folic acid metabolism, 
although the 2-amino-4-hydroxy analogue was more effective. However, 
the fact must not be overlooked that the folic acid values were measured 
by Streptococcus faecalis assay, and this organism showed an antibacterial 
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index of 8 for this compound (8). All of the decrease in folic acid content 
of the blood and liver of chicks receiving this pterin may have been due 
to the presence of unchanged 2,4-diamino-6 ,7-diphenylpteridine, which 
inhibits the response of Sireplococcus faecalis. ‘The 2-amino-4-hydroxy- 
6,7-diphenylpteridine does not cause inhibition of Streptococcus faccalis, 
Thus the decrease in folic acid content of the blood and liver in this case 
was a direct effect. It is very probable that this compound (Compound 
20) and 2-amino-4-hydroxy-6,7-dimethylpteridine (Compound 14) are 
antifolic acid compounds in the metabolic processes of animals, since folie 
acid was capable of overcoming the inhibition. ‘The presence of either one 
in the blood may prevent the storage of folic acid in the liver as it is ab- 
sorbed, or may cause a depletion of folic acid in the liver by demanding a 
greater release of the vitamin from the liver to compete with the foreign 
pterin. 

The diaminopterins were no more effective when injected than when 
administered orally. In neither case did these pterins interfere with growth 
and hemoglobin formation. The folic acid levels of the liver and blood of 
both lots were the same. ‘Therefore, the absorption of the compound must 
have occurred without alteration in the intestinal tract. On the other 
hand, there was a difference in response between the injected and orally 
administered 2-amino-4-hydroxy compound. This compound, when fed, 
was more effective in inhibiting growth and lowering hemoglobin level. 
There may be two explanations for this. Either the chicks were not get- 
ting enough of the compound by injection, or bacteria in the tract, not 
affected by sulfonamide, were needed for the action of the compound. 
The former seems to be more plausible, since the chicks getting the com- 
pound in the feed consumed about 14 times as much of this pterin per day 
the Ist week and increasing amounts each succeeding week. It is logical 
to suppose that the bacteria that are subject to sulfonamide action (folic 
acid-synthesizing organisms) would be the ones to synthesize an antifolic 
acid from the compound fed. Yet, the addition of suecinylsulfathiazole 
had no effect on the action of the pterin. 

It is evident from these experiments that the pterins which inhibited 
chick growth and lowered hemoglobin formation acted by producing a 
folie acid deficiency in the chick. This deficiency was completely prevented 
by the addition of sufficiently large amounts of folic acid. Although clear 
cut evidence was not obtained on the ratio of the inhibitor to vitamin 
(amount of inhibitor to amount of vitamin), it is possible to state that the 
range of this index lies between 800 and 1500. . 

In general, the carboxy] derivatives had the greatest beneficial effect upon 
growth and hemoglobin formation. These compounds also were active 
in promoting some growth of Streptococcus faecalis (8). 

Thymine has been shown not to substitute for folic acid in the nutrition 
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of the chick. From the results presented here and those of Petering and 
Delor (7) on the rat, thymine does not appear to function in these animals 
in the same manner as it does in man (6). 


SUMMARY 


Several synthetic pterins and pyrimidines have been shown to bring 
about increased growth and hemoglobin formation in the chick. Two 
pterins, 2-amino-4-hydroxy-6 ,7-dimethylpteridine and 2-amino-4-hydroxy- 
6,7-diphenylpteridine, have demonstrated an inhibitory action which was 
counteracted by additional folic acid. That the inhibition was due to 
interference with folic acid metabolism was further indicated by the fact 
that greatly reduced levels of this vitamin were found in the liver and blood 
after the administration of the pterin. Sulfonamides had no effect on 
this inhibitory action. 

Thymine possessed no folic acid activity for the chick, even when fed at 
high levels. 


The authors are indebted to Mrs. Grace Fiala for the blood determina- 
tions, and to Anheuser-Busch, Inc., for strain S dried brewers’ yeast, to the 
Lederle Laboratories Division, American Cyanamid Company, for syn- 
thetic folic acid and choline chloride, and to Dr. Thomas Spies for thymine. 
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A COMPOSITE BASAL MEDIUM FOR THE MICROBIOLOGICAL 
ASSAY OF LEUCINE* 


By MERRILL N. CAMIEN anp MAX S. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, November 11, 1947) 


The convenience and utility of microbiological procedures for the deter- 
mination of amino acids would be increased if a single mixture containing 
all of the components of each basal medium could be compounded. It 
might be anticipated that such a mixture would be unstable, owing to inter- 
actions between glucose, amino acids, and possibly other of the nutrient 
substances, but there appears to be no record of any experimental work on 
this problem. Rockland and Dunn (1) have described the preparation in a 
ball mill of mixtures containing as many as eighteen amino acids which were 
not noticeably hygroscopic, were stable for at least 6 months, and were 
employed successfully in the determination of seven amino acids. Such 
mixtures are being used routinely in the authors’ laboratory for the deter- 
mination of nearly all of the common amino acids. 

A composite basal medium for the assay of leucine has been prepared and 
stored for 8 months (a) at room temperature in a paraffin-sealed container, 
(b) at room temperature in a screw-capped jar, and (c) at about 5° over 
anhydrous calcium chloride. The powders were colored slightly yellow and 
the solutions deeper yellow, due primarily to riboflavin. The solutions 
yielded by the freshly prepared amino acids and the composite basal 
medium stored in the refrigerator had identical appearance, while that of 
the medium stored in a sealed container was slightly, but perceptibly, 
darker colored. ‘The solution of the medium stored in a screw-capped jar 
was somewhat darker than the others. The mixtures darkened rapidly (in 
2 days at 40° and in 2 hours at 70°) in accelerated storage tests. The com- 
posite medium is readily preserved under anhydrous conditions but, in the 
presence of moisture, it changes rapidly to a dark sticky mass. 

It was found, on tests of these preparations described in the ‘‘Experi- 
mental’’ part, that assays of casein, silk fibroin, and two amino acid tests 
mixtures gave results for leucine which were identical within the stated ex- 
perimental error to those obtained with a freshly prepared control basal 


* Paper 45. For Paper 44, see Drell and Dunn, J. Am. Chem. Soc., in press. This 
work was aided by grants from Merck and Company, Inc., the Nutrition Founda- 
tion, Inc., Swift and Company, the United States Public Health Service, and the Uni- 
versity of California. The authors are indebted to S. Eidusen, Ruth B. Malin, P. 
J. Reiner, and J. Tarbet for technical assistance. 


137 





138 MICROBIOLOGICAL ASSAY OF LEUCINE 


medium. It seems probable that similar basal media could be prepared 
which would be equally satisfactory for the determination of other amino 
acids. 


TABLE I 


Composition of Basal Medium* 


Constituent Weight Constituent Weight 
gm. gm. 
Glucose 200 pL-Norleucinet 0.92 
Sodium acetate 120 pL-Norvalinet 0.92 
Ammonium chloride 40 pL-Phenylalanine 2.29 
KH.PO, 5.5 | L-Prolinet 0.46 
KsHPO, 5.5 pDL-Serinet ().92 
MgS0O,-7H.O 2.2 | px-Threonine ().92 
FeSO,;-7H2O | “es pu-Tryptophan ().46 
MnSO,-4H.O 0.11 L-Tyrosine | 0.92 
NaCl 1.0 |  pu-Valine 3.43 
pu-Alaninet 4.58 | me 
L-Asparaginet | 0.46 Adenine sulfate 2H.O | 145 
L-Arginine HC! 4.58 Guanine HC1-2H.0 37 
L-Cysteine HCl | 0.915 Veacil 132 
u-Glutamie acid 9.15 Thiamine HCl | 1] 
Glycine 0.46 Pyridoxine 18 
L-Histidine HCl: HOF 0.46 Calcium-dl-pantothenate | 22 
pi-Isoleucine 4.58 2sboflavin | 99 
pi-Lysine HCIt 0.92 | Nicotinic acid 22 
pi-Methionine 0.46 | p-Aminobenzoic acid | 1.1 
v 
| Biotin 55 
ee eee eee ee een ae ees ee ee 
ADU ice eich ores cuaiecieten ik oon sie's dpewistene | 415 gm. 


| 


| 
* The proportions of the amino acids were established (unpublished experiments) 
on the basis of the nutritional requirements of Lactobacillus arabinosus 17-5 deter- 
mined by Dunn et al. (2). 
+ Although this amino acid has been shown to be non-essential for Lactobacillus 
arabinosus 17-5 (2), it has been included in the basal medium because of the possi- 
bility that it might be stimulatory at low levels of leucine. 


EXPERIMENTAL 


The composite basal medium was prepared by placing the quantities of 
nutrients designated in Table I in a dry ball mill jar, adding dry stones to 
the jar, and drying the mixture overnight in a vacuum desiccator over 
anhydrous calcium chloride. The lid of the jar was sealed with paraffin 
and the mixture was milled for 20 hours. Although the resulting fine 
powder was quite hygroscopic, it was readily maintained free flowing when 
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preserved in a tightly stoppered bottle. The. composite medium was 
readily and completely soluble in cold water, except for a trace of insoluble 
material presumably derived from the ball mill stones. 

The assays were performed as previously described (3). The tubes were 
incubated for 3 days at 34° and the resulting acid was titrated with standard 
base with bromothymol blue as indicator. Each 4 inch test-tube contained 
3 ml. final volume of solution equivalent to 124.5 mg. of the composite basal 


TABLE II 


Summary of Leucine Assay Data* 





Casein hydrolysate Silk fibroin | Gelatin hydrolysate Amino acid, 
; Experi No, hydrolysate No. No. Test Mixture 
Medium ment No. ee : 25 e _ 
1 5 “trey a + | ee re 
a l 9.6 9.6 | 0.88 | 0.87 3.3 3.3 | 104 | 108 
2 9.4 9.3 | 0.83 0.83 5.2 3.3 | 100 
3 9.9 9.7 | 0.86 ().89 3.4 3.4 104 | 112 
Average... 9640.2 | 0.85 + 0.02 3.3 + 0.06 102 | 107 
=e J = | 
b 1 9.6 9.5 | 0.79 | 0.83 3.3 3.3 | 103 | 104 
2 9.5 9.5 | 0.82 (0.84 3.3 3.3 103 | 
3 9.9 9.7 | 0.84 | 0.84 3.4 3.4 | 105 | 106 
wicca ed : Be Bee 2 Seer ee, eee et) ee 
Average... 9.6 + 0.1 0.83 + 0.02 3.3+0.06 | 104 | 105 
c | 9.5 9.3 | 0.76 0.79 322 3.2 | 98 | 100 


2t | 0.85 | 0.77 | 


* Values given as per cent of the moisture- and ash-free proteins or as per cent 
recovery from amino acid test mixtures. The average values are given as per cent 
plus or minus the mean deviation from the mean. Medium a = the freshly prepared 
mixture of amino acids; Medium b = the composite basal medium stored for 8 months 
at room temperature in a paraffin-sealed jar; Medium c = the composite basal 
medium stored for 8 months at room temperature in a screw-capped jar whichwas 
opened at intervals during the storage period. Test Mixture A simulates casein; 
Test Mixture B, gelatin. 

+t The available material was insufficient for additional determinations. 





medium. The samples were run at five levels, each in triplicate. The re- 
sults are given in Table II. 


SUMMARY 


A dry, composite basal medium has been prepared which, after storage 
for 8 months at 5° and room temperature, was shown to be satisfactory for 
the determination of leucine with Lactobacillus arabinosus 17-5. It has 
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been suggested that similar basal media could be employed for the deter- 
mination of other amino acids. 
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GLUCOSE CONTENT OF THE BODY FLUID IN MARINE 
ANNELIDS 


By CHARLES G. WILBER 


(From the Marine Biological Laboratory, Woods Hole, and the Biological Laboratory, 
Fordham University, New York) 


(Received for publication, November 19, 1947) 


Bahl (1) maintains that there are 100 mg. of glucose in 100 ec. of earth- 
worm blood but that there is no sugar in the coelomic fluid. On the other 
hand, Damboviceanu (2) found no reducing sugar in the plasma from 
Sipunculus nudus. There is no information in the literature concerning 
the sugar content of the body fluid in marine annelids from the American 
coast. A series of analyses was, consequently, made to ascertain the 
amount of glucose in two common North American marine worms. 


Material and Methods 


The worms, Phascolosoma gouldit and Amphitrite ornata, were obtained 
in the living condition from the supply department of the Marine Biolozical 
Laboratory during the summer of 1947. Body fluid was carefully removed 
with a hypodermic needle and syringe. Only fresh samples were studied. 
The amount of glucose in each sample was estimated according to the 
method of Folin (3). A second series of analyses was made by the method 
of Somogyi (7). Only the latter method was used for the body fluid from 
Amphitrite. Another series of analyses was made of fluid from Phas- 
colosoma which had been heated to 30° for 30 minutes. 


Results 


The results are summarized in Table I which shows that in Phascolosoma 
there is an average of 17.3 mg. of glucose per 100 cc. of fluid with the Folin 
filtrate, but only an average of 4.6 mg. per 100 cc. with the Somogyi filtrate. 
In Amphitrile the Somogyi filtrate yields an average of 8.4 mg. of glucose 
per 100 ce. of body fluid. After heating Phascolosoma to 30° for 30 minutes, 
there is a marked increase in the glucose values with either filtrate: Folin, 
30.2 mg. per 100 cc.; Somogyi, 26.1 mg. per 100 ce. 


DISCUSSION 


The results show that in these two marine worms there is much less 
glucose than in human blood (70 to 90 mg. per 100 cc.) or in earthworm 
blood (100 mg. per 100 ec.). The values are, however, similar to those 
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obtained for Szpunculus, which contains 10 to 25 mg. of glucose per 100 ce. 
of body fluid (4). 

A comparison of the present results with those of Morgulis (5), who 
studied the blood in Homarus, Libinia, Callinectes, and Limulus, and with 
those of Myers (6), who analyzed blood from Strongylocentrotus, Cancer, 
and Haliotis, indicates that the body fluid in the annelids contains appreci- 
ably less glucose than the fluid from other invertebrates. 

Arenicola marina is another marine annelid which is reported to have a 
relatively low content of sugar in the coelomic fluid (8). 


TABLE I 
Amount of Glucose in Phascolosoma gouldii and in Amphitrite ornata 
Glucose values (in mg. per 100 cc. of body fluid) are given for the Phascolosoma 
at 20° and after heating to 30° for 30 minutes. 


| Phascolosoma gouldit 1m phitrite ornata 
Sample No. | Folin filtrate Somogyi filtrate 
| Somogyi filtrate 
| 20° 30° 20° 30° 
1 | 15 30 5 27 10 
2 | 15 32 7 27 10 
3 22 27 5 25 5 
4 | 15 32 3 27 10 
| ~ ‘ ¢ - io 
5 15 30 3 25 r 
6 22 5 27 
7 | 20 | { 25 
8 15 4 
9 15 6 
10 19 4 
Mean..... 17:3 30.2 4.6 26.1 S.4 





The increase in sugar content of the body fluid in Phascolosoma after 
heating at 30° for 30 minutes is interesting. Apparently, the increased 
temperature stimulated the breakdown of glycogen stored in the muscles 
or elsewhere. Since nothing is known about the mobilization and storage 
of carbohydrates in Phascolosoma, the place of origin of the increased 
amount of sugar in the body fluid after heating is not at all certain. A 
change in the relation of sugar values obtained with the Folin filtrate to 
those obtained with the Somogyi filtrate occurred after heating. At 20° 
the relation of Somogyi filtrate sugar to Folin filtrate sugar is 0.28; after 
heating to 30° for 30 minutes the relation of these quantities is 0.86. These 
two ratios indicate that there is a real increase in glucose values in Phas- 
colosoma after heating and not chiefly of non-glucose reducing substances. 
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SUMMARY 


1. The amounts of glucose in the body fluids of Phascolosoma gouldii and 
Amphitrite ornata were estimated. 

2. It was found that there is an average of 4.6 mg. of true glucose per 
100 cc. in the fluid from Phascolosoma and 8.4 mg. per 100 cc. in Amphitrite. 

3. After heating Phascolosoma to 30° for 30 minutes the amount of true 
glucose in the body fluid increases to 26.1 mg. per 100 ce. 
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THE PREPARATION OF A SOLUBLE CYTOCHROME OXIDASE* 
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Numerous attempts have been made to prepare a soluble cytochrome 
oxidase. Most recently, Haas (1) has reported a soluble oxidase prepared 
from heart muscle by first grinding and autolyzing and by then exposing 
the preparation to ultrasonic radiation. If true solution was not achieved, 
at least the particles were reduced in size. Later (2) he indicated that the 
complex could be separated into two components by centrifugation 
at 10,000 r.p.m. for 2 hours. 

The use of bile salts to extract or peptize insoluble heart muscle prepara- 
tions (3, 4) suggested to us that the oxidase complex might be dissolved in 
this way. Our experiments indicate that Keilin and Hartree’s insoluble 
oxidase complex can be dissolved with the aid of sodium desoxycholate (5). 
The resulting preparation is much more active than the original suspension 
and retains its activity after having been centrifuged at 20,000 X g for 2 
hours. 


EXPERIMENTAL 


Preparations 


Keilin and Hartree Oxidase (6)—Fresh lamb heart was minced by being 
passed once through a hand-operated meat grinder. It was washed with 
cold running tap water until the wash water was free or nearly free of hemo- 
globin. The washed tissue was then pressed in a bag made of cheese-cloth 
to remove excess water. To each 50 gm. of heart were added 150 ml. of 
ice-cold 0.04 mM NazHPO,.-KH2PO, buffer, pH 7.0. The mixture was homo- 
genized in a Waring blendor for 2.5 minutes in the cold and then centrifuged 
at 5° for 15 minutes at 3500 R.P.M. (approximately 2500 X g). The cloudy 
supernatant was decanted into a beaker without special precautions (the 
precipitate was discarded) and treated with 25 ml. of ice-cold 0.2 m 
CH,;COONa-CH;COOH buffer, pH 4.6. The insoluble oxidase complex 
was brought down by centrifugation at 5° for 10 minutes at 3500 R.p.m. 
(approximately 2500 X g). The supernatant was poured off without 
special precautions. The precipitate was weighed and suspended in an 
equal weight of 0.1 mM Na2HPO,-KH2PO, buffer, pH 7.4. 


* Aided by a grant from the John and Mary R. Markle Foundation. 
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Cytochrome ¢ was prepared by the method of Keilin and Hartree (7) with 
the following modifications: (1) after the precipitated cytochrome was 
washed with saturated (NH4)25O,4, the red solid was dissolved in water 
and dialyzed overnight against water instead of against 1 per cent sodium 
chloride; (2) on the following day the solution was centrifuged for 5 minutes 
at 3500 R.p.M. (2500 X g) in celluloid tubes and the supernatant lyophilized 
to yield approximately 150 mg. of eytochrome ¢ per kilo of beef heart (52 
per cent pure). 

Test of Enzyme Activity—The method used for testing the activity of the 
cytochrome oxidase complex was the one adapted by Haas (1) from the 
methods of Keilin and Hartree (6) and Stotz, Sidwell, and Hogness (8), 
except that buffer of pH 7.4 was used. The gas phase was air and the 
temperature 25°. Each Warburg vessel contained 3.0 mg. of hydroquinone 
in 0.25 ml. of water (side arm), 1.0 mg. of cytochrome c in 0.5 ml. of water, 
().25 or 0.5 ml. of enzyme preparation or 0.16 per cent sodium desoxycholate, 
and 0.1 M NagHPO,-KH2PO, buffer of pH 7.4 to make the total volume 3.0 
ml. The upper limit of the oxygen uptake of this system is approximately 
90 ¢.mm. in 15 minutes. 

Keilin and Hartree Oxidase—When 1 ml. of the final Keilin and Hartree 
(IX and H) oxidase preparation was further diluted to 25 ml. with water, 
the protein content was reduced to somewhat less than 1 mg. per ml. ‘The 
oxygen consumption was approximately 350 ¢.mm. per ml. per hour when 
tested with the hydroquinone-cytochrome c-phosphate buffer system. The 
results of two typical experiments gave QO» protein values of 400 and 370, 
respectively. 

Effect of Sodium Desoxycholate—The first attempt to treat the Keilin 
and Hartree (K and H) oxidase with sodium desoxycholate yielded an ac- 
tive preparation. Centrifugation of the desoxycholate-treated homoge- 
nate (ground in a glass tissue grinder) for 1 hour at 18,000 X g yielded a 
supernatant which was clear and red-brown in color. When 0.25 ml. of 
this concentrated supernatant was tested in the Warburg respirometer, the 
oxygen consumption was at a maximum. Therefore it was decided next to 
test the effect of dilution on the activity of the complex. 

To 2 ml. of the cold K and H preparation were added 80 mg. of sodium 
desoxycholate and the mixture was ground intermittently in the cold room 
at 4° for 10 minutes. Following centrifugation at 20,000 X g for 1 hour, 
the clear supernatant was decanted and 1 ml. was diluted to the desired 
volume with cold distilled water. The results presented in Table I indi- 
cate that optimum activity was reached at a dilution of 1:25, that this 
activity was maintained, or perhaps slightly improved, to a dilution of 
1:100, and that thereafter the QO. protein values declined. The dilution 
of 1:25 was chosen for the experiments that follow, since at this dilution a 
reasonably high, yet submaximum oxygen consumption was obtained. 
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Varying Desoxycholate Concentration—The first concentration of desoxy- 
cholate that was used, as reported above, was 4 per cent (40 mg. per ml. of 
k and H oxidase). In order, however, to conserve desoxycholate, it was 
decided to reduce the percentage toa minimum. Accordingly, five prep- 
arations were made by grinding the K and H oxidase in a mortar at 4° with 
various amounts of desoxycholate; namely, 5, 10, 20, 30, and 40 mg. per ml. 
of K and H oxidase. In the experiment reported in Fig. 1 the preparations 
were centrifuged for 2 hours at 20,000 X g. All supernatants were decanted 
and diluted 1:25 with cold distilled water. The addition of 20 mg. of 
desoxycholate per ml. (2 per cent) gave a supernatant of low activity. 
When 30 mg. of desoxycholate per ml. were used (3 per cent), the QO» pro- 
tein was the expected 1000+. The activity was not further improved with 


TABLE I 
Kffect of Dilution 


Oxidase dilution Protein 15 min. oxygen uptake QOz protein 
mg. per 0.25 ml. c.mm. per 0.25 ml. 
1:10 0.515 78 550 
1:25 0.173 $9 970 
L375 0.058 24 1170 
1:100 0.052 20 1000 
1:150 0.029 12 690 
1:200 0.022 S 180 
Control, pH 7.4* 7 


* (0.25 ml. of 0.16 per cent sodium desoxycholate. 


4 per cent desoxycholate. From these results it appeared that, since 20 mg. 
of desoxycholate per ml. of IX and H oxidase were dissolving a protein of low 
activity, the addition of.more desoxycholate to the precipitate following 
centrifugation should yield a preparation of much higher activity. 

Partial Purification with Desoxycholate—To 2 ml. of cold K and H oxi- 
dase were added 40 mg. of desoxycholate and the mixture was ground in- 
termittently in a cold mortar at 4° for 10 minutes. Following centrifuga- 
tion at 18,000 X g for 1 hour in the cold room (supernatant termed Fraction 
()-2), the precipitate was ground for 5 minutes in a mortar with a cold solu- 
tion of 4 per cent sodium desoxycholate in 0.1 M NasH PO -KH»PO, buffer of 
pH 7.4. The suspension was centrifuged at 18,000 X g for 1 hour and the 
supernatant decanted and termed Fraction 2-4. All supernatants were 
diluted 1:25 with cold distilled water as soon as possible after having been 
decanted. The results demonstrated a partial purification of those com- 
ponents of the oxidase complex that mediate the oxidation of hydroquinone 
in the presence of cytochrome c. The protein of Fraction 0-2 was high in 
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relation to the oxygen consumption, indicating that it consists in large meas. 
ure of proteins that are inactive. Fraction 2-4 had the remainder of the 
proteins that were usually dissolved by 4 per cent desoxycholate and they 


were proteins of high activity (QO: protein 2480). The supernatant of 
Fraction 2-4 was clear and yellow in color. 
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Fic. 1. Effect of various concentrations of sodium desoxycholate 


The importance of the desoxycholate-protein ratio is borne out by a con- 
sideration of the experiment reported in Table II. The addition of 2 per 
cent of desoxycholate dissolved much protein of low activity, whereas the 
addition of 2.5 per cent of desoxycholate to another sample dissolved only a 
little more protein and considerably increased the oxygen consumption. 
[f the increase in oxygen consumption could be attributed to the extra 0.055 





fe 
he 


co 
en 


D 





WAINIO, COOPERSTEIN, KOLLEN, AND EICHEL 149 


mg. of protein per 0.5 ml., then the QO: protein for that fraction (No. 2-2.5) 
could be calculated to be more than 2000. This value is of the same order 
as that obtained with Fraction 2-3 (2 per cent desoxycholate followed by 
3 per cent desoxycholate in 0.1M NazHPO,-KH»2PO, buffer, pH 7.4, to the 
precipitate). Fraction 2.5-4 and Fraction 3-4 (preceded by Fraction 0-3 
not tested) show that further increases in the amount of desoxycholate 
added cause proteins of low activity to be dissolved again. 

Effect of Sodium Cyanide and Sodium Azide—The effect of sodium cya- 
nide and sodium azide was tested at one concentration of each inhibitor. 
The enzyme solution was a 3 per cent desoxycholate-K and H oxidase that 
had been centrifuged for 1 hour at 20,000 X g and diluted 1:25 with cold 
distilled water. Inhibition was complete with both substances at a final 
concentration of 1 X 107* M, indicating that cytochrome oxidase is one of the 
enzymes in the desoxycholate preparation. 








TaBLeE IT 
Partial Separation with Sodium Desoxycholate 
Desoxycholate Fraction No. Protein 15 min. oxygen uptake QO: protein 
tiie : mg. per 0.5 ml. c.mm. per 0.5 ml. 
0-2 | 0.333 | 9 | 40 
0-2.5 0.388 40 370 
2-3 0.104 56 | 1920 
2.5-4 | 0.087 40 1650 
3-4 | 0.056 19 | 930 
Control, pH 7.4* 6 





* (0.25 ml. of 0.16 per cent sodium desoxycholate. 





Effect of Carbon Monoxide—The enzyme preparation was a 4 per cent 
desoxycholate-K and H oxidase that had been passed through a Seitz filter. 
The clear red-brown filtrate was lyophilized from the frozen state to yield a 
stable preparation. The dry preparation (QO: protein 1100) which con- 
tained sodium desoxycholate and sodium and potassium acid phosphates in 
addition to the proteins was dissolved in distilled water for use. Carbon 
monoxide caused a 68 per cent inhibition during the first 15 minutes in the 
absence of light and the inhibition was completely reversed when the light 
of a 500 watt projection lamp was allowed to fall on the vessels. 

Oxidation of Reduced Cytochrome c—The enzyme preparation was the same 
lyophilized preparation that was-used in the previous experiment for the 
demonstration of carbon monoxide inhibition. The cytochrome c solution 


_ was reduced with sodium hydrosulfite and the excess hydrosulfite oxidized 


by aeration. The rate of the oxidation of the reduced cytochrome c was 
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Minutes 
Fic. 2. Change in density (log Io/I) of reduced cytochrome c solution with time. 
Oxidase preparation: 0.378 mg. of protein per ml. The spectrophotometer cell con- 
tained 2 mg. of cytochrome c in 1.0 ml. of distilled water, 0.4 ml. of 0.1 am KH,PQ,- 
NazHPQ, buffer, pH 7.1, and 2.0 ml. of distilled water. The volume was brought to 
4.0 ml. by the addition of the enzyme solution (0.60 ml.) or of the enzyme solution 
(0.10 or 0.05 ml.) plus distilled water (0.50 or 0.55 ml.). 
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Fig. 3. Rate of oxidation of reduced cytochrome c 


followed with a Beckman spectrophotometer! at 550 mu (slit width 0.02 
mm.) when 0.60, 0.10, or 0.05 ml. of the enzyme solution was added. The 


1 Made available through the courtesy of Dr. H. G. Albaum. 
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results are presented in Fig. 2, where the density (log J,/J) of the solution 
of reduced cytochrome c is plotted against the time in minutes. From the 
data obtained with 0.10 and 0.05 ml. of the enzyme solution it can be cal- 
culated that the log of the concentration of reduced cytochrome ¢ (log 
(yFett), when plotted against time in minutes, yields a straight line (Fig. 
3). The calculations are made in accord with those reported by Haas, 
Horecker, and Hogness (9) for the reduction of oxidized cytochrome ec by 
cytochrome c reductase of yeast. The slope of the line obtained with 0.10 
ml. of the enzyme is almost exactly 2 times that obtained with 0.05 ml., in- 
dicating that the rate of oxidation is proportional to the enzyme concen- 
tration. 
DISCUSSION 

The experiments that have just been discussed were preceded by many 
attempts to improve the activity of the Keilin and Hartree preparation by 
physical means. Repeated failures prompted a search for chemical agents 
to dissolve the enzymes. It seemed possible that the complex might be a 
lipoprotein, and fat emulsifiers were, therefore, considered as active agents. 
Immediately thereafter, the work of Hopkins, Lutwak-Mann, and Morgan 
(3) was found, and bile salts, in view of their surface active properties, 
seemed a reasonable choice. The idea that the complex might be a lipo- 
protein has not been discarded. 

The constituent enzymes of this complex that oxidizes hydroquinone in 
the presence of added cytochrome c have been only superficially investigated 
in this work. Added cytochrome c is necessary to catalyze the uptake of 
oxygen. The presence of cytochrome oxidase is indicated by the action of 
the three inhibitors, sodium cyanide, sodium azide, and carbon monoxide. 
Unfortunately, there are no such inhibitors for the identification of eyto- 
chromed. 

The use of a buffer of pH 7.4 in the test for enzyme activity, instead of 
one of pH 7.1, was a somewhat unfortunate choice, in view of the relatively 
large blank that occurs with the pH 7.4 buffer. However, when compara- 
tive studies were made at pH 7.4 and 7.1, the QO» protein values were the 
same. 


SUMMARY 


1. A soluble and active cytochrome oxidase has been prepared by adding 
sodium desoxycholate to a Keilin and Hartree (KK and H) oxidase prepara- 
tion from lamb heart. When tested with the hydroquinone-cytochrome ¢ 
system at pH 7.4, the enzymes are found in the supernatant after centrifu- 
gation at 20,000 X g ior 2 hours. 

2. When 3 or 4 per cent of desoxycholate is added to the K and H oxidase, 
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the supernatant, after high speed centrifugation and dilution, is approxi- 
mately 2.5 times as active as the original, dilute IX and H preparation. 

3. A partial purification of the oxidase can be effected by adding a solu- 
tion of desoxychslate to the precipitate of a desoxycholate-treated K and 
H oxidase and by discarding the residue that remains. Separation of the 
precipitate can be accomplished by either high speed centrifugation or by 
filtration through a Seitz filter. The QO, protein obtained by such a pro- 
cedure is approximately 2000 (5 times as active as the K and H oxidase), 

4. Sodium cyanide, sodium azide, and carbon monoxide in the absence 
of light inhibit the oxidase contained in a desoxycholate preparation of the 
K and H oxidase. A reversal of the carbon monoxide inhibition is obtained 
in light. 

5. The oxidation of reduced cytochrome ¢ has been demonstrated spec- 
trophotometrically. 
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A NEW SYNTHESIS OF 8-(6-AMINO-8-CARBOXYETHYL)HOMO- 
CYSTEINE (CYSTATHIONINE) AND S8-BIS(y-AMINO- 
y-CARBOXYPROPYL)SULFIDE 
(HOMOLANTHIONINE)* 


By JAKOB A. STEKOL 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia) 


(Received for publication, November 14, 1947) 


Cystathionine has been synthesized by Brown and du Vigneaud (1) by 
condensing homocysteine with a-aminochloropropionate in an alkaline 
aqueous medium. 

Snyder et al. (2, 3) have shown that 3 ,6-bis(8-chloroethyl)2 ,5-diketo- 
piperazine is a useful intermediate in the synthesis of methionine and other 
thioethers. The synthesis of cystathionine and homolanthionine described 
here is based on the condensation of cysteine or homocysteine with the 
dichloroethyldiketopiperazine of Snyder eé al. (2) in liquid ammonia, fol- 
lowed by the acid hydrolysis of the condensation products to yield cysta- 
thionine and homolanthionine respectively. These reactions are repre- 
sented in the accompanying diagram. 

As far as we are aware, homolanthionine has not been prepared 
previously. The yields of cystathionine obtained by this method are 
considerably higher than those reported previously (1). Homolanthionine 
and the intermediates in the synthesis of homolanthionine and cystathionine 
(the corresponding diketopiperazine derivatives) are of some physiological 
interest from the standpoint of their availability to animals for growth 
purposes in lieu of methionine or cystine. Enzymatic cleavage of these 
thio ethers in vitro also suggests interesting possibilities. Such studies are 
at present in progress. 

By a suitable choice of the isomers of cystine and homocystine (or 
methionine) and of the dichloroethyldiketopiperazine or of y-chloro-a- 
aminobutyric acid it ought to be possible to prepare any of the isomers of 
cystathionine and homolanthionine in a similar manner.' We are investi- 
gating this possibility. 


EXPERIMENTAL 


3 ,6-Bis(S-(8-amino-8-carboxryethyl)ethyl) 2 ,5-diketopiperazine—10 gm. of 
metallic sodium were dissolved in about 500 ml. of liquidammoniaand 24 gm. 


* Aided by an anonymous grant in memory of Susanna Dercum. 
1y-Chloro-a-aminobutyrie acid can be prepared from y-hydroxy-a-aminobutyric 
acid (homoserine). The latter has been resolved by Armstrong (4). 
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of L-cystine were added to the solution in small portions with constant agita- 
tion of the reaction mixture (5). The blue color of the excess sodium was 
discharged by a few crystals of L-cystine. 24gm. of 3 , 6-bis(6-chloroethyl)- 
2,5-diketopiperazine (synthesized according to Snyder et al. (2)) were 
added to the reaction vessel in small portions with thorough mixing of the 
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NH; NH; 
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2HOOC—CH—CH,—S—CH; | 
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v 


NH: : 2H00C—CH—CH:—CH.—S—CH; 
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COOH CH—NE, 
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solution. After all of the diketopiperazine derivative had been added, 
ammonia was allowed to evaporate, and the reaction vessel was evacuated 
in order to remove as much ammonia as possible from the residue. The 
latter was then dissolved in about 300 ml. of ice-cold water and the solution 
was filtered through a bed of norit. The filtrate was adjusted with hydro- 
chloric acid to about pH 9, and about 3 gm. of sodium cyanide were added 
to the solution in order to convert any unchanged cystine to the soluble 
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form (6). After 10 to 15 minutes the pH of the solution was adjusted with 
hydrochloric acid to 6.0 (under a hood). After standing in the refrigerator 
overnight, the precipitated material was removed by filtration, washed with 
cold water, and then recrystallized from dilute ammoniacal solution by 
addition of hydrochloric acid to pH 6. The crystallized product was sus- 
pended in water, removed by filtration, and washed successively with 
water, ethanol, and ether. After drying in vacuo at 100° over P2Os, the 
product decomposed at 260-265°.2. The yield was 31 gm., or 76 per cent of 
the theoretical amount. The analysis of the material gave the following 
results. 


CysH2yN48,0,5. Calculated. C 41.18, H 5.88, N 13.51, S 15.68 
Found. * 40.60, ** 6.14, ** 13.44, “* 15.45 


The compound gave a negative sodium cyanide-nitroprusside test. The 
ninhydrin test was positive. 

Cystathionine—10 gm. of the diketopiperazine derivative prepared as 
described above were refluxed with 150 ml. of 20 per cent hydrochloric acid 
for 3 hours. The solution was then evaporated zn vacuo to dryness on a 
steam bath, and the residue was dissolved in 50 ml. of water. As a rule, 
only a slight darkening of the solution of the diketopiperazine derivative in 
hydrochloric acid resulted after 3 hours of refluxing. The solution was 
decolorized and filtered. The filtrate was adjusted with dilute sodium 
or ammonium hydroxide to pH 6, and cooled in an ice bath. Crystalliza- 
tion can be speeded up by the addition of ethanol (to about 40 per cent 
concentration with respect to ethanol). After standing in the refrigerator 
overnight, the crystallized material was removed by filtration and washed 
with cold water. After recrystallization from dilute ethanol and drying 
in vacuo at 100° over POs, the product weighed 10 gm., or 90 per cent of 
the theoretical amount. It decomposed at 270-274°. The sodium cya- 
nide-nitroprusside test on the material was negative. The analytical 
results are shown below. 

C;H,,N.SO,. Calculated. C 37.38, H 6.36, N 12.61, S 14.41 
Found. “ 37.01, “S 6.47, ** 12.60, ‘* 14.18 

Since L-cystine and racemic 3 ,6-bis(6-chloroethy])2 , 5-diketopiperazine 
were used in the present synthesis, the resulting product is probably a 
mixture of L-cystathionine and t-allocystathionine. The possibility of 
separation of the two stereoisomers by fractional crystallization from water 
or other solvents is being investigated at present.’ 

2 All melting points were made in open capillary tubes and are uncorrected. 

’ The mixture of isomers of cystathionine prepared by this method is biologically 


equal to L-cystine or bL-methionine when fed to rats maintained on a low casein diet. 
This suggests that no appreciable racemization of the cysteine moiety of cysta- 
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The dibenzoyl derivative of the cystathionine synthesized as described 
above was prepared in the usual manner. After recrystallization from 70 
per cent ethanol and drying in vacuo at room temperature over P,O;, it had 
the following composition. 


CaH22N2S8O0,. Calculated. C 58.61, H 5.11, N 6.51, 8 7.45 
Found. “* 58.83, “* 5.42, ** 6.47, ** 7.64 


3 ,6-Bis(S-(y-amino-y-carboxypropyl)ethyl) 2 ,5-diketopiperazine. From 
Methionine—We have reported the synthesis of S-benzylhomocysteine by 
condensing benzyl chloride with the reduction product of methionine with 
sodium in liquid ammonia (7). By a similar procedure, S-carboxymethyl- 
homocysteine and S-carboxyethylhomocysteine were also. prepared from 
methionine and chloroacetic acid and 6-bromopropionic acid respectively 
(8). In the present synthesis of homolanthionine, the dichloroethyl- 
diketopiperazine was condensed with the reduction product of methionine 
with sodium in liquid ammonia by a procedure similar to that described 
above for cystathionine. From 10 gm. of pi-methionine and 8 gm. of 
3 ,6-bis(8-chloroethyl)2, 5-diketopiperazine, 7.5 gm. of 3 ,6-bis(S-(y-amino- 
y-carboxypropy])ethy])2 ,5-diketopiperazine were obtained. After recrys- 
tallization from dilute ethanol and drying in vacuo at 100°, the material 
decomposed at 270-273° and had the following composition. 


CyisHosN«S205. Calculated. C 44.04, H 6.42, N 12.84, S 14.68 
Found. “ 43.69, “ 6.61, “ 12.64, “14.33 


From Homocystine—Homocystine was prepared according to Snyder 
et al. (3). By the procedure described above, 18 gm. of 3,6-bis(S-(y- 
amino-y-carboxypropy])ethyl)2,5-diketopiperazine were obtained from 
13.2 gm. of homocystine and 12.05 gm. of dichloroethyldiketopiperazine. 
The product had the same decomposition range as that shown by the prod- 
uct obtained from methionine, and had the following composition. 


CisHayN 120s. Calculated. C 44.04, H 6.42, N 12.84, S 14.68 
Found. ‘* 43.80, ‘* 6.57, ‘* 12.60, ‘* 14.40 


Both products gave a negative sodium cyanide-nitroprusside test. The 
ninhydrin test was positive. 

Homolanthionine—10 gm. of the above diketopiperazine derivative were 
hydrolyzed in 150 ml. of 20 per cent hydrochloric acid in the manner 
described above for the cystathionine derivative. The yield of homo- 





thionine occurred during the synthesis of cystathionine, and that the mixture 
probably consists of L-cystathionine and t-allocystathionine (Stekol, unpublished 
data). 
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janthionine was 9.3 gm. After drying in vacuo at 100° over P2Os, it decom- 
posed at 269-272°. The analytical results are shown below. 


C,HieN2SO,. Calculated. C 40.68, H 6.78, N 11.86, S 13.56 
Found. “ 40.10, “ 6.76, “ 12.27, “ 13.63 


Since in the above synthesis racemic methionine, homocystine, and 
dichloroethyldiketopiperazine were used, the resulting product is probably 
a mixture of racemic and meso forms of homolanthionine. The possibility 
of the separation of the isomers by fractional crystallization from water and 
other solvents is being investigated at present. 

S-Benzylhomocysteine can also be used instead of either methionine or 
homocystine in the preparation of homolanthionine by the procedure 
described above. 


SUMMARY 


Cystathionine and homolanthionine have been prepared in good yields 
by the condensation of cysteine or homocysteine with 3 , 6-bis(6-chloroethyl)- 
2,5-diketopiperazine in liquid ammonia, followed by acid hydrolysis of the 
condensation products. 
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At the present time the term aldolase is usually applied to the enzyme 
which catalyzes the conversion of 1 molecule of fructose diphosphate to 2 
molecules of triose phosphate, although the name zymohexase was used 
formerly, and still is used frequently. Aldolase has been prepared in. 
crystalline form from muscle by Warburg and Christian (1) and by Taylor, 
Green, and Cori (2). 

Because of the rdle of aldolase in the glycolysis scheme, it is of interest 
to determine this enzyme in glycolyzing tissues, particularly in tumors. 
An increase in the aldolase content of the plasma of tumor-bearing animals 
as compared with normal animals has been reported by Warburg, and this 
fact alone would seem to make it desirable to establish a method for de- 
termining aldolase which is simpler than the complicated method employed 
by Warburg and Christian. The method of determining aldolase used by 
Herbert et al. (3), which involves a determination of an increase in alkali- 
labile phosphate, does not appear to be well suited to the determination 
of aldolase in the presence of considerable amounts of inorganic or labile 
phosphate such as occur in tissues and plasma. The presence of competing 
enzyme systems may upset results both by the method of Warburg and 
Christian (1) and of Herbert et al. (8). 

We wish to report a simple method for determining aldolase which is 
applicable to all tissues thus far studied, including liver, kidney, spleen, 
muscle, plasma, tumor tissue, and isolated cell nuclei from liver, kidney, 
and pancreas, as well as to solutions of crystallized aldolase. The method 
no doubt could be made more precise by a considerable amount of extra 
effort, but it appears to be satisfactory in its present state in that it yields 
results well within the differences in aldolase activities encountered in 
studying the various tissues listed above, and in that it can be used to 
obtain useful kinetic studies of the enzyme. 


Outline of Method 


The method involves a determination of the triose phosphate formed 
by the action of aldolase on the fructose diphosphate which is employed 
as substrate. The triose phosphate is converted by the action of hot con- 
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centrated sulfuric acid to acetaldehyde, probably by way of methylglyoxal 
as intermediate, and the acetaldehyde is then measured by color formation 
with p-hydroxydipheny]l, as in the Barker-Summerson method for lactic 
acid (4). In fact the determination of the triose phosphate is a direct 
application of the Barker-Summerson method for lactic acid, except that 
the step of purification with copper sulfate and calcium hydroxide, which 
removes some triose phosphate, is omitted. The fructose diphosphate, 
which must be quite pure, causes a light yellow color which, however, is 
compensated for by running a blank determination and by using the proper 
filter. 

Apparently both dihydroxyacetone phosphate and 3-phosphoglycer- 
aldehyde yield acetaldehyde in the determination in roughly comparable 
amounts, so that the presence of isomerase should not appreciably affect 
the results of the determination. 


Outline of Studies of Kinelics of Aldolase Carried Out by Use of New 
Method 


Our kinetic studies have been of a practical nature, designed principally 
to establish optimal conditions for determining aldolase. We have in- 
vestigated the effect of substrate concentration on reaction velocity, the 
time course of the reaction, the effect of enzyme concentration on the re- 
action velocity, the effect of pH on the reaction velocity, the effect of tem- 
perature on reaction velocity, and the turnover number, or moles of 
substrate decomposed per mole of enzyme per minute, under standard 
conditions. The effect of copper on the enzyme also has been studied. 


EXPERIMENTAL 
Determination of Aldolase 


Place 0.7 ml. of 0.1 m disodium fructose diphosphate! adjusted to pH 
7.0 in a 15 ml. centrifuge tube. If tissue or nuclei are to be analyzed, add 


1 Commercial fructose diphosphate can be used if it is purified as follows: Dissolve 
10 gm. of barium fructose diphosphate in 200 ml. of distilled water to which is added 
dropwise sufficient glacial acetic acid to give a nearly clear solution at pH 3.0 to 
3.5. The slight amount of residue which remains is then filtered off. Now neutralize 
the solution by adding 10 per cent NaOH and finally 1 Nn NaOH until the pH is between 
7.0 and 7.5. Isolate the precipitate of barium fructose diphosphate by centrifuga- 
tion. Wash once with water, once with 25 per cent alcohol, once with 50 per cent 
alcohol, twice with 95 per cent alcohol, and twice with ether. Dry at room temper- 
ature and then place in a desiccator. To convert the barium salt to the sodium 
salt, dissolve 1.37 gm. of the purified barium salt in 15 ml. of 1 n HCl to yield a 
nearly clear solution of the barium salt. Now add 5 ml. of molar Na.SO, solution 
ie and with stirring. Centrifuge off the barium sulfate and test the supernatant 
for completeness of precipitation by adding an extra drop of sodium sulfate. If 
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0.1 ml. of 0.02 per cent iodoacetic acid previously neutralized to pH 7.0 with 
NaOH in order to block the action of 3-phosphoglyceraldehyde dehydro- 
genase. Next add 0.2 ml. of properly diluted enzyme solution or of homog- 
enized tissue suspension,’ plasma, or of isolated tissue cell nuclei and start 
timing the reaction at this point. If pure enzyme is being analyzed, 0.1 ml. 
of water can be added in place of the 0.1 ml. of iodoacetate if desired. Now 
incubate the reaction mixture at 25° for 15 minutes. 

Stop the reaction at the end of 15 minutes by adding 4 ml. of 8 per cent 
trichloroacetic acid. Centrifuge the precipitated protein, a procedure 
which usually requires 5 minutes. Now pipette 1 ml. of the supernatant 
solution into a large Pyrex test-tube, place the tube in an ice-water bath, 
and add slowly and with stirring 6 ml. of concentrated H.SO, from a fine 
tipped burette. Avoid local overheating by too rapid addition of the acid. 

Place the tube containing the deproteinized reaction mixture and acid 
in a bath of boiling water and allow it to remain there for 3 minutes. Next 
cool the tube under tap water until the contents are at approximately room 
temperature and add 1 drop of a 4 per cent solution of cupric sulfate and 2 
drops of the p-hydroxydipheny] reagent made up according to the directions 
of Barker and Summerson (4).2 (Use the same fine tipped medicine 
droppers for all experiments.) 

Now incubate the test-tube at 27-30° for 30 minutes and then place in a 
bath of boiling water for 60 to 90 seconds. Cool the tube under tap water 
until the contents have reached room temperature approximately, and 
transfer the contents to a colorimeter tube, avoiding condensed moisture 








precipitation is complete, adjust the pH to about 7.2 with NaOH solution, using a 
10 per cent solution of NaOH at first and finally 1 n NaOH for the final adjustment. 
Filter the solution and dilute to 25 ml. This gives a solution of approximately 0.1 
m fructose diphosphate as the sodium salt. Keep in the ice box for not more than 1 
week. 

*We have employed freshly prepared tissue homogenates for all analyses on 
tissues, using a ground glass homogenizer cooled in a bath of ice and water for grind- 
ing the tissue. Distilled water has been used for medium. For example, in the case 
of liver, approximately 1 gm. of liver (wet weight) was homogenized with 5 ml. of 
distilled water until practically cell-free. The resulting suspension was diluted 
with sufficient distilled water to give a final suspension of about 10 mg. (dry weight) 
perml. In the case of muscle, the original homogenate was made by grinding 0.25 
gm. of muscle (wet weight) with 5 ml. of distilled water. This suspension should 
then be diluted at least 1:4 with distilled water before use if 0.2 ml. portions are to 
be taken for analysis. Homogenates of other tissues are prepared in a similar man- 
ner. The final dilution should be adjusted so that the colorimeter reading after 
incubation is at least 100 above the blank reading. Serum should not be diluted at 
all if 0.2 ml. portions are being used for analysis. 

*1.5 gm. of p-hydroxydiphenyl (Eastman grade) are dissolved in 5 per cent NaOH, 
and the solution is then diluted 1:10 with distilled water. The diluted solution keeps 


_for long periods at room temperature in a colored stoppered bottle. 
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at the top of the test-tube. Read the color value immediately in a Klett- 
Summerson colorimeter, using Filter 56, or in another suitable colorimeter, 

A blank determination must be made at the same time the enzyme js 
being determined. This is done by adding to the 15 ml. centrifuge tube 
first the enzyme solution, then the trichloroacetic acid, then the iodo- 
acetate, and finally the fructose diphosphate. The blank is then treated 
exactly as described above. The reading of the blank, which usually varies 
from 125 to 250 in the Klett-Summerson instrument, depending upon what 
tissue is employed, is subtracted from the reading for the enzyme determi- 
nation, which should be in the neighborhood of 300 to 500 for best results, 

A considerable portion of the blank value comes from the yellow color 
produced by the action of the sulfuric acid on the fructose diphosphate.‘ 
When blood plasma or whole tissues are employed, relatively high blank 
values are observed, which probably are caused by some precursor of 
acetaldehyde, particularly lactate. Isolated cell nuclei yield considerably 
lower blank values. 

In carrying out determinations of aldolase, the same precautions must 
be observed that are mentioned by Barker and Summerson (4) for the 
determination of lactic acid. For instance, great care must be taken to 
avoid contaminating the contents of the tubes with lactate from the fingers, 
and all time intervals should be carefully measured. 

Experimenis with Triose Phosphates 

Dihydroxyacetone Phosphate—This triose phosphate probably can best 
be prepared by the low temperature phosphorylation of dihydroxyacetone 
by the method of Kiessling (5). The dihydroxyacetone is obtainable by 
a method involving the use of bacteria (6). However, these procedures 
are time-consuming and we attempted to obtain crude dihydroxyacetone 
phosphate directly by bromine water oxidation of a-glyceryl phosphate 
by a modification of the procedure reported by Bailly (7). Our a-glycery! 
phosphate was prepared by heating a solid mixture of a- and 6-glyceryl 
phosphates with 5 per cent HCl, which brings about an equilibration re- 
sulting in a mixture of 95 per cent of the a and 5 per cent of the 8 forms. 
The 95 per cent a-glyceryl phosphate was then isolated as the barium 
salt. In most of the experiments we treated the barium salt of a-glyceryl 
phosphate with bromine water, but the sodium salt also was tried, exactly 
as described by Bailly (7). 

4 Some commercial fructose diphosphate samples contain much heavy metal which 
must be removed by treatment with H.S. Other impurities often occur which cause 
an excessively high color in the blank determination and which lower aldolase ac- 
tivity. This lowered activity can be partially restored by adding cysteine (Stotz 
et al., this department). Cysteine has little or no effect on aldolase activity if suffi- 
ciently pure substrate is used. 
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In one experiment a 25 per cent aqueous solution of the barium salt of 
a-glyceryl phosphate was prepared by adding sufficient 6 N HCl to the 
suspension of the glyceryl phosphate in water to lower the pH to 6.0. To 
the resulting clear solution the theoretical amount of bromine was added 
in small amounts, and 10 per cent NaOH was added as needed to keep 
the pH between 5.5 and 6.0. A precipitate developed during the reaction 
which contained some barium phosphate and apparently some of the desired 
product or its dimer. 

From this reaction mixture a product was obtained as a barium salt 
which was judged to be not more than 15 per cent pure, according to an 
analysis for easily hydrolyzable phosphate. This product gave a strong 
resorcinol-H»SO, test as reported by Bailly, and it also gave an intense 
color test with the Barker-Summerson reagent, although a-glyceryl phos- 
phate itself gives no color whatsoever. Since the most probable oxidation 
products in the reaction described above are dihydroxyacetone phosphate 
and dihydroxyacetone itself, rather than 3-phosphoglyceraldehyde or 
glyceraldehyde, it is very likely that dihydroxyacetone phosphate. con- 
tributes strongly to the color test in our aldolase determination. 

The method used by Bailly for preparing dihydroxyacetone phosphate, 
as well as simple modifications of this method, thus yielded only a very 
crude product which we were unable to purify appreciably. Judging from 
the results of some experiments carried out by us in an attempt to prepare 
the phenylhydrazone of dihydroxyacetone phosphate, and from a con- 
sideration of the probable high solubility of such a phenylhydrazone in 
water, it seems unlikely that the phenylhydrazone obtained by Bailly 
from his dihydroxyacetone phosphate preparation was in fact the phenyl- 
hydrazone of the latter compound, in spite of the apparently correct ana- 
lytical figures which were reported. 

Calcium Salt of 3-Phosphoglyceraldehyde—This material was prepared 
directly from the dioxane addition product of dimeric glyceraldehyde 
1-bromide 3-phosphoric acid according to the directions of Baer and 
Fischer (8).5 The calcium salt of 3-phosphoglyceraldehyde was found 
to give an intense color with the Barker-Summerson reagent. The color 
production per mole of the calcium salt of 3-phosphoglyceraldehyde was 
approximately 67 per cent of the color which was calculated to be produced 
from 1 mole of 3-phosphoglyceraldehyde plus 1 mole of dihydroxyacetone 
phosphate obtained by the action of aldolase on fructose diphosphate. 
(Total triose phosphate was measured by alkali-labile phosphate as de- 
scribed under the work on turnover number. 0.1 mg. of the calcium salt 

*>The dioxane addition compound was very generously supplied to us by Dr. 


Baer and Dr. Fischer. We gratefully acknowledge this gift, since it spared us much 
time and the difficulty of carrying out a sequence of unfamiliar reactions. 
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of 3-phosphoglyceraldehyde produced a color reading of 310 on the one. 
fifth aliquot used for the Barker-Summerson reagent.) 


Kinetics of Aldolase As Measured by Our Method of Determination 


Reaction Velocity versus Substrate Concentration—The effect of substrate 
concentration on reaction velocity is shown in Fig. 1. The reaction ye. 
locity is measured as the colorimeter reading given by the aliquot with g 
reaction time of 15 minutes. Such a small fraction of the substrate is 
decomposed that the reaction velocity can be considered as approximately 
constant over a 15 minute time interval, and hence the colorimeter reading 
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Fic. 1. Effect of substrate concentration on aldolase activity at 25°, pH 7.2. 
Klett-Summerson colorimeter, Filter 56. O, crystallized aldolase; A, liver nuclei of 
rat. ; 


Fig. 2. Lineweaver-Burk transformation for determining K,,: [S]/o; = 
Kn/V;i. Data obtained from Fig. 1. O, crystallized aldolase (K, = 
iver nuclei of rat (K, = 0.021). 

1 
can be considered as being proportional to initial reaction velocity ». 
In Fig. 1 values are plotted for pure enzyme and for isolated cell nuclei. 

In Fig. 2 the data from Fig. 1 are replotted in linear form by one of the 
improved transformations of Lineweaver and Burk (9) (indicated in Fig. 2). 
From this linear plot the Michaelis-Menten constant for the enzyme K,, 
(10) is calculated. This turns out to be about 0.009 for crystalline aldolase. 
For the nuclei the value is 0.02. Although the order of magnitude of the 
two results is similar, the discrepancy shows that measurements carried 
out on nuclei differ in some way quantitatively from measurements carried 
out on the pure enzyme. Why this should be so is not yet known. 

The Michaelis-Menten constant for aldolase was reported by Herbert 
et al. (3) to be less than 0.001, but the decimal point in this figure appears 
to be misplaced. We obtain a value of 0.0023 by treating their data as we 
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have treated ours, and therefore presume that these authors meant to 
state that the K,, value was less than 0.01. 
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Fic. 3. Effect of time on decomposition of fructose diphosphate by crystallized 
aldolase. Klett-Summerson colorimeter, Filter 56. O, A, different dilutions 
of enzyme. 

Fic. 4. Effect of time on decomposition of fructose diphosphate by aldolase of 
isolated cell nuclei (rat liver). Klett-Summerson colorimeter, Filter 56. 
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Fic. 5. Colorimeter readings plotted against micrograms of crystallized aldolase. 
Klett-Summerson colorimeter, Filter 56. 


Fig. 6. Effect of amount of material on colorimeter reading in aldolase determina- 
tion for liver homogenate and cell nuclei of rat liver. Klett-Summerson colorimeter, 
Filter 56. O, rat liver homogenate; A, liver nuclei of rat. 


Time Relationships—The results of plotting the colorimeter reading 
against time are shown for crystalline aldolase and liver cell nuclei in Figs. 
3and 4. It can be seen that the reaction velocity is constant for a long 
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period with crystalline aldolase, but that it is constant for 15 minutes at 
the most with isolated cell nuclei. What causes a decrease in velocity 
in the case of the nuclei is not yet known. In these experiments optimal 
substrate concentration was used (0.07 m fructose diphosphate). The 
reaction should be of zero order theoretically under these conditions.  [ 
is of zero order for the crystalline enzyme, but it is not of zero order for 
the nuclei if time intervals greater than 15 minutes are employed. 
Reaction Velocity versus Amount of Enzyme Employed—In Figs. 5 and 6 


are shown the results obtained when the colorimeter reading of the aliquot ° 
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Fig. 7. pH optimum of erystallized aldolase at 25°. Klett-Summerson colorim- 
eter, Filter 56. 

Fic. 8. Temperature optimum of erystallized aldolase at pH 7.2. The optimum 
lies between 30-35° at this pH. Klett-Summerson colorimeter, Filter 56. 


is plotted against the amount of enzyme employed for erystallized aldolase, 
isolated liver cell nuclei, and whole liver homogenate. The curve is linear 
for crystallized aldolase, but it is not linear for nuclei or liver. Hence, in 
measuring aldolase in nuclei or liver, amounts of material (on a dry weight 
basis) must not be greater than a specified amount (2 mg.) if a linear 
dilution curve is to be expected. A substrate concentration of 0.07 m was 
used in these experiments. 

pH Optimum—All of the above experiments were carried out at a pH 
value of approximately 7.3. This pH is reasonably close to the optimal 
pH value for crystallized aldolase, as can be seen from Fig. 7, in which the 
colorimeter reading for the aliquot is plotted against pH. This curve is 
not in agreement with the curve published by Herbert and collaborators (3). 

Effect of Temperature—The results of experiments showing the effect of 
temperature on the activity of aldolase are plotted in Fig. 8. It can be 
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seen that the enzyme has a rather low temperature optimum at pH 7.2 
according to our results. The temperature optimum no doubt would 
depend upon the pH, since the enzyme is more stable in slightly alkaline 
than in acid solutions. 

In order to be sure that our low temperature optimum was not caused 
by thermal destruction of the reaction products, a point on the activity- 
temperature curve was checked by heating the enzyme alone for 15 minutes 
at 40° and then cooling it and running the reaction at 25°. Although this 
procedure theoretically should not lead to exactly the same results as 
running the reaction at 40° for 15 minutes with substrate present, the 
actual results were almost identical. This experiment indicates that the 
deleterious effect of temperature is on the enzyme and not on the reaction 
products. 

Our temperature optimum for aldolase does not agree with the temper- 
ature optimum reported by Herbert et al. (3). The latter authors found 
a much higher optimum. 

The Qio of aldolase as calculated from the ascending branch of the curve 
is about 1.8. This Qio value is lower than the value reported by Warburg 
and Christian (1), from whose data concerning turnover numbers at 20° 
and 38° we can calculate a Qio of about 2.8. 


Turnover Number for Crystalline Aldolase 


In order to calculate an approximate value for the turnover number of 
aldolase, it was necessary first to relate the color produced in our method 
to the moles of fructose diphosphate decomposed into triose phosphate. 
This was accomplished by allowing 0.1 ml. of strong aldolase to act upon 
0.07 m fructose diphosphate for 15 minutes at 25° in order to decompose a 
sufficiently large portion of the substrate to yield a conveniently measurable 
amount of phosphate easily hydrolyzable with alkali. An aliquot of the 
same reaction mixture was then diluted and the color given by the Barker- 
Summerson reagent (as described above) was measured. Another aliquot 
was taken for a determination of phosphate easily hydrolyzable by alkali. 
In this way it was estimated that, if a calculated reading of 2880 were to be 
obtained from the one-fifth aliquot used for the Barker-Summerson reagent 
as described above, an amount of easily hydrolyzable phosphate equivalent 
to 0.2 mg. of phosphorus would have been produced by conversion of the 
corresponding amount of fructose diphosphate to triose phosphate. Since 
4.34 mg. of phospborus are the total amount present in | ml. of 0.07 M 
fructose diphosphate (the amount used in carrying out the aldolase de- 
termination), the percentage decomposition of the substrate equivalent 
to 0.2 mg. of phosphorus from easily hydrolyzable phosphate or to an 
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aliquot reading of 2880 from the Barker-Summerson reagent is (0.2/4.34) 
xX 100 = 4.61 per cent. (This represents approximately the value of 
alkali-labile phosphate produced at equilibrium, since the value was not 
increased by using more enzyme.) 

From Fig. 5 it can be seen that 1 y of purified aldolase would be equiva- 
lent to a colorimeter reading of about 165 from the aliquot used for the 
Barker-Summerson reagent. This reading of 165 would then correspond 
to (4.61/2880) X 165 = 0.264 per cent decomposition of the substrate, 
This is equal to 7 X 10-° X 2.64 X 10-* = 18.48 X 10-* mole of fructose 
diphosphate decomposed, since there is 7 X 10~° mole of this substance in 
1 ml. of a 0.07 m solution. 

Therefore in 15 minutes, under the conditions used by us in measuring 
aldolase, 18.48 X 10-8 mole of fructose diphosphate is decomposed by 1 y 
of crystallized aldolase, which is equivalent to a decomposition of (18.48 x 
10-8)/15 = 1.23 X 10-8 mole per minute. 

If we assume a molecular weight of 150,000 for aldolase, 1 y is equivalent 
to (1 X 10-)/(1.5 & 105) = 6.66 XK 10-" mole of aldolase. Since 1 ¥ or 
6.66 X 10-” mole is equivalent to a colorimeter reading from the aliquot 
of 165, which is equivalent to a decomposition of 1.23 & 10-* mole of 
fructose diphosphate per minute, it can be seen that the number of moles 
of fructose diphosphate decomposed by 1 mole of aldolase per minute 
under the conditions of our determination (i.e., 25° and 0.07 m substrate 
concentration) is (1.23 * 10-*)/(6.66 * 10-") = 0.185 & 10% = 1850. 
This gives a turnover number of 2300 at 30°, which agrees with the value 
reported by Cori and collaborators (2). , 


Inhibition of Aldolase by Copper 


Herbert et al. (3) reported that aldolase is inhibited by copper. We 
have confirmed this statement, but we do not find that aldolase is especially 
sensitive to this metal. For 90 per cent inhibition it is necessary to have 
approximately 7 X 10° atoms of divalent copper per molecule of aldolase, 
assuming a molecular weight of 150,000 for the latter enzyme. 

An enzyme which is very sensitive to a heavy metal requires a much 
lower ratio of metal to enzyme. For instance, Sumner and Myrbiick (11) 
found strong inhibition of urease by silver nitrate at a ratio of about 15 
atoms of silver to 1 molecule of urease. 

The results of our experiments on the inhibition of aldolase by cupric 
sulfate are shown in Fig. 9. 


Analyses of Tissues for Aldolase 


Our method for aldolase is sufficiently good to be applied to liver, spleen, 
kidney, pancreas, tumor, plasma of tumor-bearing animals, and isolated 
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Fic. 9. Inhibition of crystallized aldolase by CuSO,. At 90 per cent inhibition, 
there are 6.7 X 10° atoms of copper per molecule of aldolase if a molecular weight of 
150,000 is assumed for the latter. Klett-Summerson colorimeter, Filter 56. 


TABLE I 
Aldolase Content of Tissues and Isolated Cell Nuclei 


The aldolase activity is expressed as micrograms of aldolase (dry weight) per mg. 
of tissue (dry weight). In the last two columns the results are expressed as micro- 
grams of aldolase (dry weight) per ml. of serum. The pairs represent analyses on 
the same tissue sample; the groups or single values refer to tissues from different 
animals. 
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15 The activity per dry W eight a aldolase’ in isolated 1 rat liver mneleh i is roughly 40 
per cent of its activity in whole rat liver. 

+ The activity per dry weight of aldolase in isolated dog kidney nuclei is roughly 
20 per cent of its activity in whole dog kidney. 

t This dog had a badly infected fore leg and the kidneys showed some signs of 
pathology macroscopically. 


cell nuclei from liver, kidney, and pancreas. The activities of aldolase 
present in these tissues per unit of dry weight as measured in terms of 
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crystalline aldolase prepared by us*® (which is not necessarily pure) are 
shown in Table I. We have found that nuclei isolated from normal rat 
liver contain aldolase in about 40 per cent of the activity, per unit of dry 
weight, of the corresponding value for aldolase in whole liver homogenate. 
The activity per unit of dry weight of aldolase in nuclei isolated from dog 
kidney by a modification of our original method for rat liver cell nuclei (11) 
is about the same as that of rat liver cell nuclei, whereas the activity per 
unit of dry weight of aldolase in nuclei isolated from sheep pancreas appears 
to be negligible. (Work describing the preparation of nuclei from kidney 
and pancreas will appear elsewhere.) Aldolase decays rapidly in isolated 
cell nuclei kept at room temperature, but there is negligible decay over g 
period of 24 hours if the nuclei are kept at a temperature of about 3°. 

Walker carcinoma 256 contains aldolase in about 3 times as high an 
activity per unit of dry weight as the corresponding value for aldolase in 
normal rat liver. The activity per unit of dry weight of aldolase in the 
plasma of rats bearing large Walker carcinomas can be considerably higher 
than that for aldolase in normal rat plasma. ‘This is in agreement with 
the work of Warburg and Christian (12). However, the activity per unit 
of dry weight of aldolase in muscle far exceeds the activity of aldolase in 
any other type of tissue studied by us, as might be expected from the work 
of Taylor, Green, and Cori (2). 


DISCUSSION 


All of the above results show that aldolase can be measured in isolated 
liver cell nuclei and whole liver homogenate by our new method, as well 
as in solutions of the crystallized enzyme. If nuclei or tissue are employed, 
the time of incubation with substrate must be limited to 15 minutes, and 
for linear dilution curves not more than 2 mg. of tissue (on a dry weight 
basis) can be used in a determination. The new method thus apparently 
‘an be applied rather generally, if the limitations mentioned above are 
kept in mind. 

It may be of interest to compare our method for aldolase determination 
with the methods employed by previous investigators (Herbert et al. (3); 
Warburg and Christian (1)). In the method of Herbert ef al., the rate 
of formation of hydrolyzable phosphate is used in determining the enzyme. 
The hydrolyzable phosphate is attributable to the triose phosphate that 
is formed. The phosphate is hydrolyzed from the triose phosphate by 
exposure to N “soda” for 20 minutes at room temperature. Cyanide is 
added to avoid reversal of the reaction by fixing the triose phosphate as 
cyanohydrin. 

5 We wish to express our sincere appreciation to Dr. G. T. Cori for helpful advice 
concerning the preparation of crystalline aldolase. 
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In this method, anything which might liberate inorganic phosphate 
from the substrate (hexose diphosphate), such as phosphatase, can be 
expected to interfere with the determination. The pH optimum reported 
by these investigators for aldolase is at approximately 9.0, but their curve 
has a slight shoulder in the neighborhood of pH 7.5, which is not far from 
the optimal pH for aldolase as determined by our method. It seems pos- 
sible that their high pH optimum may have been obtained because of 
interfering phosphatases, or because of non-enzymatic hydrolysis of triose 
phosphate at high pH values, or possibly because of some effect of the 
HCN which was present. Although the method of Herbert ef al. may be 
satisfactory for purified aldolase, it seems doubtful whether it could be 
applied very successfully to a determination of aldolase in tissues other 
than possibly muscle, which contains a very high concentration of aldolase. 

The method of Warburg and Christian (1) for determining aldolase 
is more complicated. ‘These investigators add crystallized 3-phospho- 
glyceraldehyde dehydrogenase and coenzyme | and then determine spectro- 
photometrically the rate of reduction of the coenzyme I. The experiment 
is arranged so that the aldolase concentration is the limiting factor. This 
method is so complicated that its use in semiroutine determinations of 
aldolase would be difficult. Moreover, although the method undoubtedly 
is very satisfactory for pure aldolase, it may be less accurate when applied 
to whole tissue because of competing enzymes. For instance, an enzyme 
is present in many tissues which destroys coenzyme I and which therefore 
might interfere. 

It will be noticed that our method for determining aldolase is more di- 
rect than the methed of Warburg and Christian, since triose phosphate it- 
self is measured. Our method also is very sensitive, since the immediate 
product of the reaction is measured by a very sensitive test. This makes 
it possible to use a relatively high substrate concentration in order to mini- 
mize effects of possible loss of substrate from competing reactions. The 
effects of enzymatic reactions which could remove or destroy the reaction 
products also are minimized, since the small concentrations of reaction 
products necessary to be measured are attained very quickly. Inteifer- 
ing enzyme reactions involving the reaction products (triose phosphates) 
should be slow compared to the reaction catalyzed by aldolase when the 
concentration of substrate (hexose diphosphate) is high compared to the 
concentration of products. High substrate concentration also simplifies 
the kinetics of the reaction by setting up a zero order reaction. The chief 
disadvantage of our method is that relatively high blank values often are 
obtained. 

In our method so little substrate is hydrolyzed that we do not find it 
necessary to add cyanide to avoid interference by reversal of the reaction. 
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It was found that at least 4.61 per cent of the fructose diphosphate must 
be split at equilibrium, with a substrate concentration of 0.07 m at a tem- 
perature of 25°. (See the work reported above under “Turnover number 
for crystalline aldolase.””) However, so little substrate is hydrolyzed in 
our method of determining aldolase (less than 1.0 per cent in nearly all 
cases) that reversal of the reaction is of no consequence even though at 
our higher substrate concentration less substrate is split at equilibrium than 
in the method of Herbert and collaborators (3). 

As applied to tissues, our method for determining aldolase apparently 
gives lower results in terms of micrograms of enzyme per mg. of tissue than 
the method of Warburg and Christian (1), but the ratios of the concentra- 
tion of aldolase in muscle to its concentration in other tissues are similar 
for both methods. 


SUMMARY 


1. A new method for determining aldolase has been devised which de™ 
pends upon a colorimetric determination of the triose phosphate produced 
by the action of this enzyme. 

2. In all probability, both dihydroxyacetone phosphate and 3-phospho- 
glyceraldehyde contribute strongly to the production of color in this pro- 
cedure, so that interference by isomerase is probably negligible. 

3. Practical studies of the kinetics of aldolase have been carried out by 
means of the new method. The pH optimum has been found to lie in the 
neighborhood of 7.0 instead of 9.0 as reported by Herbert et al. (3). 

4. The new method has been applied to a determination of aldolase in 
liver, kidney, spleen, pancreas, muscle, tumor, and plasma of tumor-bear- 
ing animals, as well as to cell nuclei isolated from rat liver, dog kidney and 
sheep pancreas. Aldolase has been found in very appreciable concentra- 
tion in cell nuclei isolated from liver and kidney, but it was not detected 
in nuclei isolated from pancreas. The aldolase of the plasma of the tumor- 
bearing rats was considerably higher than normal, confirming results ob- 
tained by Warburg and Christian (12) using other tumors. 


This research was made possible by a grant from the Donner Foundation, 
whose support we gratefully acknowledge. 
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THE METABOLIC FATE OF ESTRONE IN BILE FISTULA DOGS* 
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A. A. WALKLING 


(From the Departments of Biochemistry, Obstetrics and Gynecology, Physiology, 
Medicine, and Surgery, Jefferson Medical College, Philadelphia) 


(Received for publication, October 14, 1947) 


It has been repeatedly demonstrated that, following the administration 
of estrogen to human or animal subjects, the hormone disappears rapidly 
from the organism and only a small quantity of the original compound or its 
metabolites can be recovered in crystalline form from the urine (2). On 
the other hand, Cantarow et al. (3) detected in the bile of dogs with external 
bile fistula as much as 90 to 95 per cent of the biological activity of the 
estrone or a-estradiol which had been injected intravenously. Since 
bioassay had been performed directly on the bile without resort to frac- 
tionation procedures, it was thought desirable to pursue the problem of 
biliary excretion of estrogens along chemical lines. Accordingly, a total 
quantity of 1.476 gm. of estrone acetate (containing 1.278 gm. as estrone 
equivalent to 18,000,000 mouse units of estrogenic activity) was dissolved 
in oil and injected intramuscularly into three external bile fistula dogs. 
The bile, urine, and feces were collected and extracted; 79 mg. of estrone 
and 18 mg. of a-estradiol were isolated in crystalline form from the bile; 
considerably less estrogenic material as determined by bioassay was con- 
tained in the urine or feces. A detailed report is given below. 

Table I lists the estrogenic activity of the phenolic material derived from 
the bile, urine, and feces respectively; bioassay of unfractionated bile was 
also performed. Inspection shows that (a) considerably more estrogen 
was excreted in the bile than in the urine; a small but significant amount of 
estrogen appeared in the feces; (b) most of the estrogenic material of the 
bile and of the feces was present in a free or uncombined form; much of the 
estrogenic material in the urine was present in conjugated form, but the 
ratio of free to conjugated estrogen varied considerably. 

Table II indicates the distribution of the estrogenic activity of the 
various extracts between the ketonic and non-ketonic weakly acidic 
phenols and the strongly acidic phenols. Hydrolysates of the conjugated 
phenolic material of the bile and feces were not partitioned because of the 


* This work was supported by grants-in-aid from the United States Public Health 
Service, under the National Cancer Institute Act, and from the Ciba Pharmaceutical 
Products, Inc., Summit, New Jersey. A preliminary report (1) was presented before 
the meeting of the American Society of Biological Chemists at Chicago, May, 1947. 

+ In the Department of Biochemistry. 
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low content of estrogen. It may be seen from Table II that (a) almost ajj 
of the estrogenic activity of the extracts (bile, urine, and feces) resided jn 
the weakly acidic phenols, and (b) a variable proportion (22 to 88 per cent) 


TABLE I 


Recovery of Estrogenic Activity after Intramuscular Injection of Estrone Acetate into 
External Bile Fistula Dogs 





























| | | Estrogenic activityt 
\Estrone content; | igeies a eG soe ~ eee 
Dog No. yp enters pekohe og Panel = ae gaa me 7 ag 
bile | phenols |, Dols 
| | | (alter hy- 
wnirenEa. 26; eS Ses ee aa epee, 3 Fol drolysis) 
elias, 
mg. days mouse wnits |mouse units | mouse 
| uniis 
69 (male); poor 346 | Bile |1 + 2 492,000) 180,000} 1,000 
liver functiont| (4,800,000) 3+ 4 165,000) 67,000) <169 
Urine h + 2 | 54,000) 23,000 
3 + 4 | 3,000! 4,000 
Feces |1 + 2+ 3+ 4! | 13,000} 200 
B72 (female); 499 | Bile |1 + 2 11,900,000 11,400,000! 17,000 
good liver | (7,000,000) (3 + 4 400, 000) 489, 000) 500 
functiont 5 | 150,000} 160,000} 
Urine {1 + 2§ 10,000} 20,000 
B+ 4 150,000) 20,000 
Feces |2 + 3 + 4 14,000! 450 
B75 (female); 433 | Bile {1 830,000) 922,000) 
good liver | (6,100,000) 2 80,000) 
functiont Urine jl | 16,000) 28,000 
P 5, 000} 10,000 
Feces i! | 9,000) = 120 
| \2 | 700} 100 


—_ - | | 











* Estrogenic activity (in parentheses; mouse units) based on estrone content (oil 
injection). 

t Bioassay was performed on spayed adult mice by use of a vaginal smear tech- 
nique based on that described by Allen and Doisy (24); aqueous dilutions of bile were 
injected, whereas the phenol fractions (bile, urine, or feces) were first dissolved in oil. 
Factors which may account for discrepancies in the bioassay value of untreated bile 
and that of the phenolic material contained therein have been discussed in a previous 
report (12). Estrogenic activity could not be detected in the feces of normal dogs. 

t Indicated by studying the excretion of bromosulfathalein in the bile. 

§ Contamination with feces due to diarrhea during the Ist day of collection. 


of the total biological activity was due to the non-ketonic fraction of the 
weakly acidic phenols. 

Table III gives the percentage recovery in the bile of the biological 
activity (mouse units) of the hormone injected, as well as that of estrogenic 
material (mg. of estrone plus a-estradiol). 
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TaBLe II 
Distribution of Estrogenic Activity* 
The results are expressed in per cent for each collection period. 





























oe ; Weakly acidic phenols| Strongly 
Dog. No. Source extracted ‘ost a collection neha 
Ketonic Porat phenolst 
days 
69 Bile (free phenols) 1+ 2 78 22 
3+4 eis )s 
Urine ‘“ = Ig 34 62 5 
3+ 4 33 56 11 
** (conjugated phenols 1+ 2 21 74 5 
after hydrolysis) 3+ 4 16 80 4 
Feces (free phenols) 1+2+3+4)] 10 88 2 
B72 Bile - es ie 29 <1 
3+4 | oe | sabe 
5 11 | 88 | <1 
| Urine ‘“ ” 1+ 3 73 | = 24 <3 
3+ 4 } 2 | 7 | 2 
Feces ‘“ i | sears 7 3 ae 5 
B75 | Bile “ ss | 1 i oe 7a 0.2 











* Determined ie bioassay (see foot-note, Table I). 

+ The actual values may be even lower, since after further partitioning of pooled 
strongly acidic phenols (8200 mouse units) of the bile, the 0.3 m Na.CO;-soluble 
phenols assayed only 1200 mouse units. Similarly, the corresponding fractions of the 
urine after pooling assayed 7500 mouse units, but after further partitioning assayed 
only 3200 mouse units. 


TABLE III 


Percentage Recovery in Bile of Estrogenic Activity and Estrogenic Substance 
(for Entire Collection Period) 





| Based on bioassay of | Based on calculated* con- 





Dog No. | —— 4 tent of estrone and 
| Bile directly (aqueous in- | Total phenolic material of | a-estradiol 
jectiane) | bile (oil injections) | 
ha = | : pense 
} | ~ ' 
69 14 | 9) 4 
B72 35 29 22 
B75 | 15 15-16 9-10 








* It i is dé adveennd that the biological activity of the bile is due entitely to the above 
substances. These figures may be calculated from those given in Tables I and ITI 
and from the bioassay values for 1 y each of estrone and a-estradiol in oil which are 
14 and 33 mouse units respectively in this laboratory. 





It is evident from Tables I and II that most of the biological activity of 
the bile was due to the weakly acidic phenols (wnhydrolyzed). This ma- 
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terial appeared to be suitable for isolation work. Accordingly, the ketonie 
fractions which were derived from the bile were pooled; 123 mg. of crystal- 
line material (1,500,000 mouse units equivalent to 107 mg. of estrone) were 
obtained. The material was recrystallized from alcohol, yielding 79 mg. of 
impure estrone, m.p. 252-256°, which, on subsequent purification, proved 
to be identical with an authentic specimen. From the non-ketonic weakly 
acidic phenols (wnhydrolyzed bile) there were obtained 118 mg. of a semi- 
crystalline product (1,600,000 mouse units equivalent to 48 mg. of a-es- 
tradiol). It yielded 29 mg. of digitonin-precipitable material which, on 
crystallization from alcohol, gave 18 mg. of a-estradiol. The identity of 
this product was established by ascertaining its specific optical rotation and 
by a determination of the melting point on admixture with an authentic 
specimen of a-estradiol; a dibenzoyl derivative was also prepared which 
gave the expected carbon and hydrogen values on analysis. The non- 
digitonin-precipitable material was submitted to chromatographic analysis, 
but B-estradiol could not be isolated. 


EXPERIMENTAL 


Collection and Extraction of Bile, Urine, and F'eces—Bile was collected in 
24 hour periods, and after adjusting the pH to 6.5 to7.5, it was immediately 
extracted by gentle shaking with n-butanol; for each 100 ml. of bile, 50 ml. 
of solvent were used in the initial extraction, followed by four extractions 
each with 10 ml. portions. The butanol extracts were combined, washed 
twice with 10 ml. portions of water, and evaporated in vacuo. The butanol 
residue was dissolved in 25 ml. of water, made distinctly acid to litmus with 
concentrated HCl, and extracted once with 100 ml. and then twice with 
50 ml. of ether. The ether extracts were combined, back-washed with 10 
ml. of water, washed successively with dilute sodium bicarbonate and 
water, and evaporated. The ether residue was dissolved in benzene and 
extracted four times with equal volumes of N NaOH; the alkaline extracts 
were back-washed with 0.2 volume of benzene. The benzene solution was 
washed with water and evaporated to give the neutral fraction (unhydro- 
lyzed bile). The alkaline extracts were made acid to Congo red with con- 
centrated HCl and thoroughly extracted with ether in order to obtain the 
phenolic fraction (unhydrolyzed bile). The acid fraction (unhydrolyzed bile) 
was obtained from the residual bile (after butanol extraction) by acidifica- 
tion to Congo red with concentrated HCl followed by extraction with 
ether. Some acidic material was also obtained from the sodium bi- 
carbonate washes of the ether-soluble, water-insoluble fraction of the 
butanol residue described above. The water-soluble, ether-insoluble frac- 
tion of the butanol residue was heated on the water bath to remove 
dissolved ether; after the addition of 10 per cent by volume of concentrated 
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HCl, the solution was refluxed for 10 minutes, rapidly cooled, and extracted 
with ether. The phenolic fraction (hydrolyzed bile) was obtained from the 
ether extract in the usual way. 

Urine was collected in 24 hour periods and immediately extracted with 
butanol; the phenolic fractions were obtained as above. Feces were 
ground with sand and extracted with liberal amounts of alcohol at room 
temperature. ‘The residue obtained on evaporation of the alcoholextracts 
was partitioned into ‘free’ phenols and conjugated phenols; the latter 
were subsequently hydrolyzed. 

Fractionation of Phenolic Material—The strongly acidic and weakly acidic 
phenolic fractions were obtained by the method of Mather (4) by dis- 
tributing the phenols between benzene and 0.3 mM NasCO;. Repeated 
partitioning was necessary in order to achieve effective separations, espe- 
cially with bile extracts. Troublesome emulsions were often encountered 
which were broken by long centrifugation. The weakly acidic phenols 
were separated into ketonie and non-ketonic moieties with the aid of 
Girard’s Reagent T (5). 

Isolation and Identification of Estrone (Unhydrolyzed Bile)—The ketonic, 
weakly acidic phenols (unhydrolyzed bile) excreted by Dog 69 (1 + 2+ 3 
+ 4 days), Dog B72 (1 + 2+ 3+ 4+ 5days), and by Dog B75 (1 day) 
were pooled. Since the estrogenic content of bile collected subsequently 
was comparatively small, this material was not included. The pooled 
material was crystalline, weighed 123 mg., and assayed 1,500,000 mouse 
units (equivalent by our method of bioassay to 107 mg. of estrone). It 
was recrystallized from alcohol to give 79 mg. of impure estrone, m.p. 


_. 252-256°; an additional crop of crystals, m.p. 225-232°, was obtained 


from the mother liquors. Repeated erystallization of the former product 
yielded 45 mg., m.p. 258-260°,! [a]?* = +-170° (0.752 per cent in dioxane); 
admixture with authentic estrone, m.p. 259-260°, [a] = +163° (in diox- 
ane), gave no depression in melting point. A benzoyl derivative was pre- 
pared which melted at 219.5-221° and gave no depression in melting 
point on admixture with authentic estrone benzoate, m.p. 222-223°. 
Isolation and Identification of a-Estradiol (Unhydrolyzed Bile)—The non- 
ketonic, weakly acidic phenols corresponding to the ketonie phenols above 
were pooled. There were obtained 118 mg. of a semicrystalline product 
which assayed 1,600,000 mouse units (equivalent by our method of 
bioassay to 48 mg. of a-estradiol). After treatment with 400 mg. of 
digitonin by a method described by Huffman ef a/. (6), there were obtained 
29 mg. of digitonin-precipitable material. It crystallized readily from 
aqueous alcohol to give 18 mg., m.p. 173-175°, [a]! = +77° (0.710 per cent 


1 All melting points reported here are corrected. 
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in absolute ethanol). Further recrystallization from the same solvent 
raised the melting point to 175°; no melting point depression was observed 
on admixture of this product with authentic a-estradiol, m.p. 176°, [a]*? = 
+78° (in absolute ethanol). 

A dibenzoy] derivative was prepared from 14 mg. of the above product, 
m.p. 173-175°. It was repeatedly crystallized from chloroform-ethanol to 
give 9 mg., m.p. 169.5-170°; admixture with authentic a-estradiol di- 
benzoate, m.p. 170-170.5°, gave no depression in melting point. 


C32Hs20,. Calculated, C 79.96, H 6.72; found, C 79.80, H 6.74 


Chromatographic analysis of the non-digitonin-precipitable fraction 
(58 mg.) failed to yield any crystalline products. 


DISCUSSION 


Whereas previous evidence (2) for the in vivo conversion of estrone into 
a-estradiol has been entirely circumstantial, the evidence presented here is 
based on the isolation of the metabolite in crystalline form. It cannot be 
assumed, however, that the reduction of estrone proceeds in this direction 
in all mammalian species, especially since 6-estradiol but no a-estradiol 
was isolated from the urine of rabbits injected with estrone (7); the 8 
isomer was likewise isolated in similar experiments (8, 9) in which a-es- 
tradiol was injected. In the present study, @-estradiol could not be 
isolated from the bile. 

The reverse process, 7.e. the biological conversion of a-estradiol into 
estrone, has been clearly demonstrated (2); however, in the case of the dog, 
the evidence (10, 11) is of an indirect nature. It might be inferred that 
these processes take place in the liver, since estrogens of endogenous? and 
exogenous origin have been isolated from bile; some support for this hy- 
pothesis has been obtained from zn vitro experiments (13, 14). 

It appears questionable from our data that the dog is capable of trans- 
forming estrone into estriol to any significant extent.2 On the other 
hand, Longwell and McKee (15) detected a significant degree of estrogenic 
activity in the 0.8 m Na,CO;-soluble, benzene-insoluble phenolic fraction 
of bile obtained from dogs injected with small quantities of estrone. (Of 
the native estrogens, estriol alone is partitioned in this manner (4, 16).) 
Pearlman et al. (11) likewise detected some biological activity in similar 
material obtained from dogs injected with a-estradiol. 


2 Estrone has recently (12) been isolated from the bile of pregnant cows; it is the 
major estrogen of the bile. 

3 See foot-note, Table II. It is quite likely that most of the biological activity ex- 
hibited by the strongly acid phenols was, in our experiments, due to slight contamina- 
tion with the highly active, weakly acidic phenols. 
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Our experience, in common with that of most investigators working in 
the field of estrogen metabolism, indicates that a major portion of the 
estrogenic substance administered cannot be accounted for in the excreta as 
biologically active material. Chromatographic analysis of the neutral 
material‘ and of the free acids® of the pooled specimens of unhydrolyzed bile 
was undertaken, but none of the hypothetical products (2) of estrogen 
inactivation was isolated. 

Our data (see Table III) on the percentage recovery in the bile of the 
biological activity of the injected hormone are in closer agreement with 
the data of Longwell and McKee (15) than with those of Cantarow et al. 
(3). The former authors observed a biliary excretion ranging from 1.3 to 
8.0 per cent, whereas the latter authors reported an almost quantitative 
recovery of hormonal activity. Pearlman e al. (11) reported that 10 per 
cent or possibly 26 per cent (bioassays performed independently in the two 
laboratories) of the biological activity of the injected a-estradiol was de- 
tected in the bile. In a study which apparently was the first of its kind on 
this subject, Stamler (18) reported a biliary excretion of ‘‘not less than 
13 per cent”’ of the estrone injected. It is difficult to explain these dis- 
crepancies. Cantarow et al. (3) have emphasized the necessity of insuring 
a satisfactory state of nutrition and liver function in bile fistula dogs, since 
otherwise relatively insignificant hepatic functional defects may have a 
profound influence upon the metabolism of the steroid hormones.® 

Considerably more estrogen is excreted in the bile than in the urine fol- 
lowing the administration of estrone acetate (see Table I). On the other 
hand, Longwell and McKee (15) reported a biliary excretion ranging be- 
tween 1.3 to 8.0 per cent of the injected hormone and a urinary excretion 
between 6.4 and 13.5 per cent. Perhaps no great significance can be 
attached to this point of difference if one considers the unphysiological dose 
of estrogen employed in our experiments which, in this instance, were 
designed primarily to ascertain the nature of the metabolites of estrone 
rather than to obtain information concerning the physiological transport 
of estrogen. Yet, in a study by Cantarow eé al. (21) in which a compara- 
tively small amount of estrone (250,000 1.U.) was injected intravenously, it 


‘The neutral material of unhydrolyzed bile contained less than 20,000 mouse units. 
This precludes the possibility that estrone acetate was present and attests to the 
quantitative removal of unesterified estrogen from this fraction. 

° The free acids of unhydrolyzed bile contained only 3300 mouse units. This makes 
it appear unlikely that any but trace amounts of the highly active compounds of the 
doisynolic acid series were present. It had been suggested that such compounds 
might occur naturally (17). 

® The subject of nutrition and endocrinology has recently been reviewed by Hertz 
(19) and also by Biskind (20). 
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was reported that the amount of estrogen in the urine was much less than 
that in the bile. 

The fact that a small but none the less significant degree of estrogenic 
activity is exhibited by the phenolic material of the feces of bile fistula dogs 
(all the bile draining externally) is an indication that estrogen entered the 
bowel from the blood stream by passage through the intestinal wall. 
Perhaps this mechanism operates under normal physiological conditions; 
it would account, in part at least, for the estrogen content of the feces of 
pregnant women (22) or of pregnant cows (23). 

Our findings with regard to the chemical nature of the estrogens of dog 
feces parallel (perhaps fortuitously) those obtained by Levin (23) in his 
investigation of the fecal estrogens of pregnant cows in that (a) the estrogen 
is present chiefly in a free or unconjugated form, and (b) the biological 
activity resides chiefly in the non-ketonic, weakly acidic phenols. 


SUMMARY 


Massive doses of estrone, as the acetate, were injected intramuscularly 
into three external bile fistula dogs. A small quantity of estrone and of 
a-estradiol was isolated from the pooled bile specimens. By comparison, 
the urine and feces contained much less estrogen as determined by bio- 
assay. Most of the estrogenic substance administered cannot be accounted 
for in the excreta. 

The implications of these findings are discussed. 


The technical assistance of Miss Emily Cerceo, Miss Edith Goldberg, 
and Miss Dorothy Ozer is gratefully acknowledged. We are indebted to 
Mr. James Rigas for the microanalysis. 

Part of the estrone used was kindly furnished by the Schering Corpora- 
tion, Bloomfield, New Jersey. 
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PARTIAL SYNTHESIS OF ETIOCHOLENE-9-OL-3(a)-ONE-17 


By LEWIS HASTINGS SARETT 
(From the Research Laboratories, Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, December 5, 1947) 


The isolation of a new steroid from human urine has recently been 
reported (1). A study of the properties of this substance led to the surmise 
that it possessed the structure I, etiocholene-9-ol-3(a)-one-17. In order to 
aid in the confirmation of this hypothesis, the partial synthesis of I was 
undertaken. 

Vigorous catalytic reduction of etiocholanol-3(a)-dione-11,17 acetate 
(II) gave etiocholanetriol-3(@),11(8),17(a) acetate-3 (III). Aluminum 
tertiary butoxide in acetone effected the partial oxidation (2) to etio- 
cholanediol-3 (a) ,11(8)-one-17 acetate-3 (IV). Phosphorus oxychloride in 
pyridine smoothly dehydrated (3) III to the acetate of the desired A® de- 
rivative, from which I was obtained by saponification. 


EXPERIMENTAL 


All melting points are corrected. Rotations were taken in acetone, 
c~ 1.0. 

Etiocholanetriol-3(a) ,11(8),17(a) Acetate-3 (III)—A solution of 2.0 gm. 
of etiocholanol-3(a)-dione-11,17 acetate in 50 cc. of acetic acid was shaken 
under hydrogen with 800 mg. of previously reduced platinum (Adams’ 
catalyst). After 3 hours the reduction was complete. The solution was 
then filtered, concentrated to dryness in vacuo, dissolved in ether, washed 
with dilute sodium carbonate and with water, and concentrated to a small 
volume on the steam bath. The addition of petroleum ether gave 1.85 
gm. of crystals, m.p. 183-185°. After several recrystallizations from dilute 


alcohol and from acetone-petroleum ether, the melting point was 198- 
200°. 


Analysis—CH;,0,. Caleulated, C 71.96, H 9.78; found, C 72.21, H 9.73 


Etiocholanetriol-3(a) ,11(8),17(@)—Saponification of a sample of the 
monoacetate (III) gave the free triol, which, upon recrystallization from 
acetone and from benzene, melted at 205-206°. 


Analysis—C,9H;,03. Calculated, C 73.97, H 10.46; found, C 73.91, H 10.38 


Etiocholanetriol-3(a) ,11(8),17(a) Diacetate-3,17—A solution of 35 mg. 
of the monoacetate (III) in 0.5 ce. of pyridine and 0.5 cc. of acetic anhydride 
was heated on the steam bath for 15 minutes. The addition of water gave 
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the diacetate, which melted, after recrystallization from ether-petroleum 
ether, at 161—162°. 


Analysis—C2;H3,0;. Calculated, C 70.37, H 9.25; found, C 70.48, H 9.22 


Etiocholanediol-3(a) ,11(8)-one-17 Acetate-8 (IV)—A mixture of 1.5 gm. 
of the monoacetate (III), 80 ec. of dry benzene, 40 cc. of anhydrous acetone, 
and 3.0 gm. of aluminum isopropoxide was refluxed overnight. Most of 
the solvent was then removed in vacuo, the residue taken up in ether, 
washed with dilute hydrochloric acid and with water, and the ethereal 
solution concentrated to dryness. The residue was dissolved in 15 ce. of 
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methanol and treated with 2.0 gm. of Girard’s reagent together with 0.8 ce. 
of acetic acid. After refluxing for 30 minutes, the solution was concen- 
trated to half volume in vacuo, then poured into a mixture of ice water and 
ether in a separatory funnel. After thorough mixing the aqueous layer 
was removed and acidified with 20 ec. of 4 N hydrochloric acid. 

After standing several hours at room temperature the acidified aqueous 
layer was extracted with two 200 cc. portions of ether. The ethereal layer 
was washed with dilute sodium carbonate, then with water, and concen- 
trated to dryness. The residue (500 mg.) was then heated with pyridine- 
acetic anhydride for 10.minutes on the steam bath to replace acetoxy 
groups lost by hydrolysis. (This usually amounts to 10 per cent when the 
Girard complex is worked up in the manner described above.) Careful 
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addition of water then gave 440 mg. of crystals, m.p. 223-229°. This 
material was chromatographed over 8 gm. of alumina (acid-washed). The 
crystalline fractions eluted with ether and ether-chloroform mixtures were 
combined and recrystallized from acetone and from benzene, which gave 
222 mg. of etiocholanediol-3(q@),11(8)-one-17 acetate-3, m.p. 237-238°. 
For analysis a sample was dried in vacuo at 140°. 

Analysis—C2,H320,. Calculated, C 72.40, H 9.26; found, C 72.50, H 10.04 


Etiocholanediol-3(a) ,11(8)-one-17—A sample of the acetate (IV) was 
saponified and gave the free diolone. Recrystallized from acetone, it 
melted at 237.5-239°. A mixture with the acetate melted at 205-220°. 


Analysis—C,,H30O;3. Calculated, C 74.41, H 9.87; found, C 74.44, H 9.90 


Etiocholene-9-ol-3(a)-one-17 (I)—A solution of 170 mg. of etiocholanediol- 
3(a),11(8)-one-17 acetate in 1 cc. of dry pyr'dine was treated with 0.2 ce. 
of phosphorus oxychloride. After standing at room temperature overnight, 
the solution was diluted with water and extracted with ether. The washed 
ethereal solution was concentrated to dryness and the residue (160 mg.) 
chromatographed. The fraction more easily eluted consisted of a colorless 
oil (146 mg.) which could not be obtained crystalline. In addition 10 mg. 
of starting material were obtained. The non-crystalline fraction was 
dissolved in 5 cc. of methanol and treated with a solution of 200 mg. of 
potassium carbonate in 2 ec. of water. After standing at room temperature 
overnight, the solution was concentrated to half volume in vacuo and water 
added. The crystalline precipitate weighed 114 mg. and melted at 169- 
171°. After recrystallization from dilute alcohol and from ether-petroleum 
ether, it melted at 171°; [a]? = +155.5° + 2°. 

Analysis—C9H2s02. Calculated. C 79.13, H 9.85 

Found. “ 79.61, 79.59, H 9.87, 10.15 


Grateful acknowledgment is made to Miss Jean Andrews for technical 
assistance. For stimulating suggestions concerning this work the author 
is indebted to Dr. K. Folkers and Dr. R. T. Major of these laboratories and 
to Dr. E. S. Wallis of Princeton University. The microanalyses reported 
herein were carried out by Messrs. R. Boos, E. Thornton, J. McGregor, 
and R. Funk. 

SUMMARY 


Etiocholene-9-ol-3(a)-one-11 has been prepared by partial synthesis from 
etiocholanol-3 (a@)-dione-11, 17. 
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STUDIES IN PROTEIN METABOLISM WITH COMPOUNDS 
LABELED WITH RADIOACTIVE CARBON 


I. METABOLISM OF vi-TYROSINE IN THE NORMAL AND TUMOR- 
BEARING RAT* 
By THEODORE WINNICK, FELIX FRIEDBERG,}+ anp 
DAVID M. GREENBERG 


(From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, October 15, 1947) 


In 1939 Schoenheimer, Ratner, and Rittenberg (1) employed pL-tyrosine 
labeled with heavy nitrogen (N™) to study the metabolism of this amino 
acid and the fate of its amino nitrogen in rats. The present investigation 
deals with the metabolism in rats of radioactive pL-tyrosine (tyrosine*), 
labeled in the 8 position with the long lived C™ isotope of carbon (2).! 

The labeling of the carbon skeleton made it possible to measure the in- 
corporation of tyrosine* into tissue proteins and the conversion of this amino 
acid into other compounds. The moderately high radioactivity of the ty- 
rosine* permitted the administration of single small doses (5 mg.), well 
within the normal physiological range, and the subsequent measurement 
(with an accuracy of about 5 per cent) of fractions of the order of 0.001 to 
0.0001 part of such doses. 

The present experiments revealed that the carbon chain of the tyrosine, 
unlike the amino nitrogen, does not contribute significantly to the forma- 
tion of other amino acids. 


EXPERIMENTAL 

Measurement of Radioactivity—Because of the very soft 8-rays emitted in 
the disintegration of C™, it was necessary to use a supported thin mica win- 
dow bell type tube (3) with the Geiger-Miiller counter for the measure- 
ments. The samples (generally 3 to 30 mg.) were collected on small filter 
papers with the aid of suction flasks of the type described by Melchior and 
Tarver (4). In certain cases, e.g. in the preparation of tyrosine* standards, 
solutions or suspensions were evaporated to dryness on thin aluminum 
disks. In order to compensate for errors due to self-absorption of radia- 
tion, the standards were mixed with amounts of ordinary tyrosine or pro- 
tein comparable to the weights of the unknown samples measured. 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and the Rockefeller Foundation. 

+ National Cancer Institute Senior Research Fellow. 

1 The authors thank Dr. M. Calvin and Dr. J. C. Reid of the Radiation Laboratory 
of the University of California for generously furnishing this isotopic tyrosine. 
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Tyrosine* Solutions—5 mg. samples of tyrosine* were dissolved in 1 ml. 
portions of 0.C8 per cent sodium carbonate solution. A small accurately 
measured fraction of each solution was used to prepare the standards al- 
ready mentioned. The radioactivity, as measured in the Geiger counter, 
amounted to approximately 70,0C0 counts per minute per mg. of tyrosine’, 

Experimental Animals—The experiments were performed with five male 
rats weighing about 200 gm. Two of the animals had bilateral lymphosar- 
comas. These tumors were month-old transplants from a spontaneous 
sarcoma.” After a 12 hour fast, 1 ml. of the tyrosine* solution was injected 
into the jugular vein of each animal. During subsequent periods of 
specified duration, the urine was collected, and the animals were fed the 
usual diet. Finally the rats were sacrificed and the body tissues analyzed 
as described below. 

Preparation of Proteins—The blood, obtained by cardiac puncture, was 
collected and centrifuged. The various organs and tissues were excised, 
and the remaining ‘‘carcass’’ was ground and sampled. 

The tissue fractions were ground in a Potter type (glass) homogenizer 
in the presence of excess 10 per cent trichloroacetic acid. The resulting pre- 
cipitates were collected by centrifugation, washed with 5 per cent trichloro- 
acetic acid, suspended twice in warm acetone and lastly in ether, and dried 
in air. 


Isolation of Tyrosine—The protein samples were autoclaved with 15 parts’ 


of 6 N hydrochloric acid in sealed tubes for 20 hours at 15 pounds pressure. 
Then the hydrolysates were freed of hydrochloric acid by evaporation to 
dryness in vacuo, followed by treatment with silver carbonate. Decoloriz- 
ing carbon was also employed in the course of this procedure. The solu- 
tions were concentrated to small volumes, adjusted to pH 5.7 with alkali, 
and the tyrosine crystallized out at 5°. 

The crude tyrosine was collected by centrifugation and recrystallized 
three times from boiling water. The purified products were transferred to 
filter papers with the aid of alcohol washings and dried. The radioactivity 
of each sample was then determined, and finally the tyrosine was redissolved 
in acid and determined colorimetrically by the Bernhart modification of the 
Millon-Weiss reaction (5). The colorimetric values were about 5 to 10 
per cent lower than the corresponding weights of the tyrosine preparations. 

Dicarboxylic Amino Acids—After removal of the crude tyrosine from the 
hydrolysates, saturated hot barium hydroxide solution was added to the 
latter until pH 9.5 to 10.0 was reached. After centrifuging to remove small 
amounts of barium carbonate, the solutions were treated with 3 volumes of 
alcohol. The resulting precipitates of the crude barium salts of glutamic 


2 These rats were kindly supplied by Dr. H. B. Jones of the Radiation Laboratory. 
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and aspartic acids were collected by centrifugatign and then redissolved in 
water. In order to remove completely any traces of radioactive tyrosine, 
a moderate amount of the L-tyrosine carrier (about 50 mg. per gm. of orig- 
inal protein) was dissolved in each solution. Then 6 N sulfuric acid was 
added to pH 5.7 to remove the barium and to permit subsequent crystalliza- 
tion of the tyrosine carrier. This crystallization of the tyrosine was again 
accomplished by concentrating the solutions and cooling them to 5°. 

The dicarboxylic amino acids were reprecipitated as before with barium 
hydroxide, transferred to filter papers, washed with alcohol, dried, and 
counted for radioactivity. Inasmuch as the C" content of the samples was 
always quite low, the isolation of pure glutamic and aspartic acids was not 
undertaken. 

Arginine—After removal of the crude dicarboxylic acid fractions, the 
alcoholic solutions were concentrated to small volumes to remove the alco- 
hol. Then 6 N sulfuric acid was added to pH 4, and the resulting barium 
sulfate precipitates removed by centrifugation. To the solutions was added 
flavianic acid, whereupon arginine diflavianate crystallized out. The crys- 
tals were collected on filter papers, washed with water, dried, and tested for 
activity. 

Residual Amino Acids—The filtrates from the arginine dilavianates 
were freed of flavianic acid by acidification with hydrochloric acid and ex- 
traction with n-butanol. The colorless aqueous solutions were evaporated 
to dryness and the residues tested for radioactivity. Since the radioactiv- 
ities were very low, further isolation of individual amino acids was not 
attempted. 


Analysis of Urine 


The urine, collected at specified intervals, was made up each time to 25 
ml. with water. The total radioactivity was determined by evaporating 
a suitable aliquot (e.g., 0.1 ml.) of the solution to dryness on an aluminum 
disk and measuring the activity of this sample. 

Urea—Urea could be isolated conveniently from the urine by making use 
of the xanthydrol precipitation method of Allen and Luck (6). Toa 2 ml. 
sample of the urine solution were added 3 ml. of water and 5 ml. of glacial 
acetic acid. Then 0.5 ml. of 10 per cent xanthydrol (in methanol) was 
added, and after an hour, the resulting precipitate of crystalline dixanthy- 
dryl urea was collected on filter paper. The crystals were washed first with 
50 per cent acetic acid and then with methanol, dried, and counted for 
radioactivity. 

L- Tyrosine—A weighed sample (approximately 20 mg.) of pure L-tyrosine 
carrier was added to a 2 ml. aliquot of the urine solution. After heating to 
dissolve the tyrosine, the solution was adjusted to pH 5.7, concentrated, 
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and cooled to 5°, whereupon the tyrosine crystallized out. The latter wag 
recrystallized three times from boiling water. The radioactivity values 
were corrected for the loss of tyrosine during the recrystallizations. 

pL-T'yrosine—The same procedure as that for L-tyrosine was followed, 
except that a DL carrier was employed. 

Hippuric Acid—The procedure was the same as that for L-tyrosine, ex- 
cept that the hippuric acid was crystallized out by acidifying the solution 
with hydrochloric acid. 

Creatinine—A weighed quantity (approximately 20 mg.) of creatinine 
was added to 2 ml. of the urine solution. The creatinine was then re- 
covered and purified as described by Bloch and Schoenheimer (7). 

Ketone Bodies—Two methods employing carriers were used for isolation. 
The first consisted of the addition of about 50 mg. of acetoacetic acid to 5 
ml. of urine solution, and then recovery of this acid as the 2,4- 
dinitrophenylhydrazone derivative. The second method involved the 
addition of about 10 mg. of acetone to 5 ml. of urine solution and recovery 
of the acetone as the mercury sulfate complex, following treatment with 
Denigés reagent and potassium dichromate according to the Van Slyke 
method. However, since tyrosine also yields a precipitate upon oxidation 
with dichromate, the urine was first freed of tyrosine* by the repeated addi- 
tion and removal of 50 mg. portions of the pL-tyrosine carrier. Six repeti- 
tions of this process were required to remove all of the radioactive tyrosine. 


RESULTS AND DISCUSSION 
Constituents of Tissues 


Incorporation of C™ into Proteins—The relative concentrations and total 
contents of radioactive carbon in the proteins of the various organs of nor- 
mal and tumor-bearing rats following the administration of tyrosine* are 
given in Table I. 

In the left half of Table I it is seen that, in the course of the 6 hour periods, 
the intestinal mucosa attained the highest concentrations of C'. Since 
the tyrosine was given intravenously, this finding is not complicated by the 
factor of absorption. The high rate of protein synthesis by the intestinal 
mucosa has been observed recently in experiments with labeled methionine 
(8). The kidneys and plasma had the next highest activities, followed by 
the liver. The testes, carcass, and brain had lower C™ concentrations, 
while muscle was still less active. The red blood corpuscles were the least 
active of all tissues examined, since their concentrations of C™ were 
generally too low to be detected by the Geiger counter? The high activity 


’ The incubation in vitro of rat blood with tyrosine* likewise resulted in no ap- 
preciable uptake of C" by either red cells or plasma proteins. 
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of the tumor protein is significant. In general, the normal and sarcoma 
tissues exhibited rather similar patterns. 

The results for the 3 and 5 day periods resemble those of the 6 hour ex- 
periments, except that the C™ concentrations were progressively reduced. 
In addition, the results for the 5 day period indicate a much more uniform 
redistribution of the C' and a tendency for the different tissues ultimately 
to reach a common C" concentration. 


TABLE [ 


Incorporation of C'* into Proteins Following Administration of Radioactive Tyrosine 
to Rats 





|Activity per gm. protein as per cent of| Total activity in protein of whole 
administered dose | organ as per cent of administered dose* 








Organ or tissue : 
































Normal rat [Rat with sarcoma) Normal rat ma with sarcoma 
6 hrs. |3 days|5 days} 6 hrs. | 3 days \6 hrs. |3. days|5 days| 6 hrs. | 3 days 
Intestinal mucosa.....| 7.0 | 2.3 | 0.47.3 | 1.5 | 1.90, 0.55] 0.08) 1.05 | 0.40 
Kidney... 5.3 | 2.8 11.2 | 4.5 | 2.8 | 1.80 0.80) 1.05) 1.25 | 1.10 
Plasma... | 0 | 284 4.3 | 1.5 | 0.90) 0.50 0.85 | 0.30 
Spleen. ... t |1.5/0.5] ¢ [1.38 | ¢ | 0.16) 0.05 ¢ | 0.50f 
Liver... | 2.3 | 1.5 | 0.7 | 2.0 | 0.9: | 3.20) 2.40) 0.95] 3.55f| 2.10f 
Testes... . 1.3} 1.2} 0.8] 0.8 | 0.7 | 0.30, 0.20) 0.15] 0.20 | 0.13 
Carcass... .. (0.77/05 | 0.5 | 0.3 | 0.3 [15.5 | 8.0 | 8.0 10.3 | 6.8 
Brain....... (0.5/0.6 | 0.5/0.5 | 0.3 | 0.12) 0.12) 0.08! 0.11 | 0.06 
Muscle. . . 0.2/0.1)0.2)0.1 |0.1 | f San5 5. t 
Red blood cells 0.0} 0.0/0.1} 0.0 | 0.0 | 0.00! 0.00) 0.10) 0.00 | 0.00 
Tumor. .. | | {40 [a4] | | [88 | 8.96 

















* The product of the activity per gm. of protein and the weight (in gm.) of the 
protein of the entire organ. 

+ Included in the carcass value. 

t This organ was somewhat enlarged. 





Because of the probable relationship of tyrosine to adrenalin and thy- 
roxine, it Was of interest to measure the specific radioactivity of the adrenal 
and thyroid proteins. These activities, however, were only of moderate 
magnitude, each about equal to that of the testicular protein. The non- 
protein fractions of the two glands had very low activities. 

The right half of Table I affords a comparison of the total C uptakes by 
the different organs. It may be noted that the tumor tissue of the sar- 
coma-bearing rats accounted for one-third and one-fourth of the total C™ 
incorporated into body proteins for the 6 hour and 3 day periods, although 
the tumors comprised only 9 and 11 per cent, respectively, of the total 
weights of the animals. The generally lower C“ content of the different 
organs in the sarcoma-bearing rats, as compared to the normal animals, 
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appears to be a consequence of both the smaller size of these organs (liver 
and spleen excepted) and their slightly lower C™ concentration. 

C™ Content of Isolated Tyrosine—Table II gives the distribution of tyro- 
sine* in the various organs of the normal and the sarcoma-bearing rats for 
the 6 hour experiments. Qualitatively similar data (not included) were 
obtained for the 3 day periods. The relative C' concentrations in the ty- 
rosine preparations parallel fairly well the activities of the proteins in Table 
I, while their total C' content accounts for about one-third of the ad- 
ministered dose. As will be indicated subsequently, the tyrosine accoun- 
ted for almost all of the radioactivity of the tissue proteins. By contrast, 


TaBLeE II 
C' Content of Tyrosine Isolated from Tissue Proteins 














or a ci | Total activity in tyrosine of 
Ment of administered dose” | Whole organ as pet cent of 
| * 
Normal rat | —— | Normal rat peda 
Intestinal mucosa . DAS 0.235 | 0.160 | 24 0.81 
| ae = Sie 0.105 | 0.09 | > aa 1.05 
Plasma.......... Sirecwhees 0.08 | 0.10 0.60 | 0.65 
ee eee sea’ 0.07 | 0.045 | 3.7 3.45 
a re 0.025 | 0.02 25.0 i; 19.0 
| ie | 0.025 | 002 | O2 | 0.16 
ee PPeten 0.02 | 0.01 0.2 0.07 
Muscle....... ieeeeel @F0 | O20 1.1 | 0.36 
RUE 0 ik oso sakes Sac woods 0.10 | | 9.75 








* Product of the activity per mg. of tyrosine X per cent tyrosine in protein X total 
weight of protein. The percentage of tyrosine was determined by colorimetric anal- 
ysis (5) on material from other rats. 


Schoenheimer, Ratner, and Rittenberg (1) estimated that only a fourth of 
the N*® incorporated into proteins was due specifically to tyrosine, following 
the feeding of this isotopically labeled amino acid to rats. 

Dicarboxylic Amino Acids—Very small concentrations of C' were de- 
tected in the dicarboxylic acid fractions of the more active tissues (Table 
III). If the total dicarboxylic amino acid content of the organs is taken 
into account, it may be estimated that the C™ in these amino acids amounts 
to less than 1 per cent of the administered doses. Still lower values were 
obtained for the 3 day periods. The finding that C" appears in dicarboxylic 
amino acids after feeding tyrosine is in agreement with a separate experi- 
ment (not recorded in the present paper) in which a considerable fraction of 
the C'* was found in the respired carbon dioxide after the administration of 
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labeled tyrosine toarat. Delluva and Wilson (9) have found recently that 
the injection of isotopic bicarbonate results in its incorporation into both 
glutamic and aspartic acids, and have discussed the possible pathway for 
this transformation. Schoenheimer and coworkers (1) observed that mod- 
erate quantities of isotopic dicarboxylic amino acids were formed from tyro- 
sine containing N°, but concluded that this effect was chiefly one of amino 
nitrogen transfer. 

Arginine—N one of the diflavianates, including those from liver proteins, 
had detectable concentrations of C“. However, small but definite C™ con- 
centrations were found in the urea isolated from urine (Table V). Schoen- 
heimer and coworkers (1) found N® in both the guanidine moiety of liver 
arginine and in urinary urea following the feeding of isotopic tyrosine, in 
agreement with the Krebs-Hanseleit theory. Our inability to detect C™ 


Taste III 
C Content of Dicarbozylic Amino Acids 





Activity as per cent of administered dose per 
mg. barium salt X 1000 





Tissue : 
Normal rat (6 hrs.) | Rat = re, 
seiner een ern ee fete 
| | 

Intestinal mucosa.... Re chet 3 0.8 
Kidney. . ‘vide sree ee 0.8 0.5 
Liver........ <i dd RR er | 0.3 | 0.3 
Plasma a 0.2 | 0.3 
Testes. . | 0.2 0.1 
Tumor.. pas vot | 0.7 





in liver arginine is probably a consequence of too great a dilution of the iso- 
topic form of this amino acid by the normal arginine of the liver. 

Residual Amino Acids—These fractions were low in activity and com- 
prised about 0.5 per cent of the administered dose in each animal. How- 
ever, appreciable quantities of radioactive neutral amino acids may have 
been coprecipitated with the crude tyrosine and thus lost to the residual 
fractions. 


Constituents of Urine 


Table LV indicates that the rates of urinary excretion of C™ were similar 
for the normal and the sarcoma-bearing rats during a 3 day period. Fol- 
lowing the initial rapid excretion, the subsequent elimination of radioactive 
substances fell to a low rate. 

The initial rapid excretion probably reflects the elimination of the incom- 
plete oxidation products from the catabolism of the free tyrosine. Subse- 
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quently there is a much slower excretion of the products of catabolism of 
the tyrosine incorporated into the tissues. 

The substances that were isolated, listed in Table V, account for only a 
fraction of the total radioactivities of the urine samples. 

T'yrosine—The fact that the pt carrier accounted for approximately twice 
as much C™ as the x carrier suggests that approximately equal proportions 


TABLe IV 


Rate of Urinary Excretion of C™ after Administration of Radioactive Tyrosine 





Per cent of administered radioactivity in urine 
Time after administration 





Normal rat Rat with sarcoma 
days 
} | 23.5 2t.0 
] } 1.6 | 2.4 
2 1.0 1.3 
3 0.5 O.8 
TABLE V 


Distribution of C' in Urine Collected 6 Hours after Administration of 
Radioactive Tyrosine 


Activity in per cent of administered 





Constituent gag 
Normal rat | Rat with sarcoma 

Total constituents 18.5 15.5 
L-Pyrosine........ a 2.45 1.8 
pL-Tyrosine. esicen 4.0 3.4 
oo ae ; : 0.8 0.5* 
Acetoacetic acid (dinitrophenylhydrazone) . 1.6 

Ketone bodies (Denigés ppt.). . 1.3 

Hippuric acid é 0.5 0.2 
Creatinine... : 0.1 0.1 








* The value 0.45 was obtained when urea was decomposed by urease and the COs 
trapped in Ba(OH).. 


of L- and p-tyrosine were present in the urine. In experiments with cats 
(10) and humans (11), in which relatively large amounts of pL-tyrosine were 
fed, the urine was reported to contain more of the p than of the x form. 

Urea—The finding of C™ in urea agrees with the experiment, already 
cited, in which the carbon dioxide of the expired air contained C™. 

Ketone Bodies—In agreement with the view of Wakeman and Dakin (12) 
and Edson (13) that ketone bodies may be formed from tyrosine, a con- 
siderable C™ concentration was found in the ketones isolated from the 
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urine. Butts, Dunn, and Hallman (14) failed to find ketone bodies in the 
urine of rats after feeding ordinary pi-tyrosine, although subsequently 
Butts, Sinnhuber, and Dunn (15) found L-tyrosine to be ketogenic. 

Hippuric Acid and Creatinine—The finding of C™ in both these 
compounds makes it highly probable that small amounts of glycine were 
formed from the tyrosine. Inasmuch as the formation of glycine from ace- 
tic acid has been observed, the following sequence appears plausible: 
tyrosine — acetoacetate — acetate — glycine. 


SUMMARY 


‘Tyrosine labeled with radioactive carbon, C™, was used to investigate 
the metabolism of this amino acid in normal and in tumor-bearing rats. 
C™ was rapidly incorporated into the proteins of the various organs of the 
animals, following the administration of the tyrosine. Intestinal mucosa, 
kidney, and plasma had the highest C' concentrations, followed by liver 
and spleen. Lower concentrations of the isotope were found in testes, 
brain, and muscle. ‘The tumor proteins had high activity and accounted for 
sizable fractions of the total protein-bound C"™. 

Amino acid isolations showed that almost all of the radioactivity of the 
proteins was due to tyrosine itself. Low C' concentrations were found in 
the dicarboxylic acids. 

Analysis of the urinary constituents indicated the presence of C" in ty- 
rosine, urea, creatinine, hippuric acid, and ketone bodies. 
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STUDIES IN PROTEIN METABOLISM WITH COMPOUNDS 
LABELED WITH RADIOACTIVE CARBON 


II. THE METABOLISM OF GLYCINE IN THE RAT* 


By DAVID M. GREENBERG ann THEODORE WINNICK 
(From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, October 15, 1947) 


Glycine labeled with heavy nitrogen (N") has been employed by Ratner, 
Rittenberg, Keston, and Schoenheimer (1) and by Shemin and Rittenberg 
(2) to study the metabolism of this amino acid in rats. The N® concentra- 
tions in the proteins after the feeding of labeled glycine were indicative of 
the rates of protein regeneration in the various organs of the animals. 
From hydrolysates of the proteins, different N'™-containing amino acids 
were isolated. The presence of N' in these compounds reflected amino 
nitrogen transfer. 

Other papers have dealt with the réle of glycine as a precursor of gluta- 
thione (3), protoporphyrin (4), and uric acid (5, 6). 

The present paper is concerned with the fate of radioactive glycine (gly- 
cine*), labeled on the carboxyl carbon with C™, in rats. With this com- 
pound, the relative rates of incorporation of C' into the proteins of the 
different organs, and also the retention of C'* by these proteins, were deter- 
mined. The utilization of the carboxyl carbon of the glycine* for the for- 
mation of other amino acids was studied, and the distribution of C“ among 
certain important urinary constituents was determined. 


EXPERIMENTAL 


The glycine* was synthesized by Ostwald (7). Its activity corresponded 
to approximately 25,000 counts per mg. per minute with the Geiger counter. 
The technique of radioactivity measurements was described in Paper I of 
this series (8). 

Incorporation of C™ into Proteins—Five male rats, each weighing approxi- 
mately 180 gm., were fasted overnight and then given a single dose of 25 
mg. of glycine* in 1 ml. of water by a specified route. Then the animals 
were sacrificed after different intervals. The protein fractions from the 
different organs were prepared and their radioactivity determined as pre- 
viously described (8). 

Analysis of Urine—The distribution of C™ among certain urinary con- 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and the Rockefeller Foundation. 


199 








Re Sigs ee eae 


Set ee Ae 








200 


PROTEIN METABOLISM, II 


stituents was determined as already described (8). In the case of the ke- 
tone bodies, the Van Slyke method, in which Denigés reagent was employed, 
was applied directly to a fraction of the urine to which the acetone carrier 
had been added. 

Isolation of Amino Acids—In order to attain a greater degree of incor- 
poration of C into the tissue proteins, five 10 mg. doses of glycine* were 
given (by stomach tube) at about 10 hour intervals to a 2C0 gm. male rat, 
10 hours after the last administration the animal was killed. he protein 
fractions, prepared from the following organs were pooled: liver, kidney, 
lungs, intestines, spleen, testes, and plasma. ‘This material, weighing 4.1 
gm., was hydrolyzed by autoclaving it with 50 ml. of 4 N hydrochloric acid 
for 18 hours at 15 pounds pressure. The hydrolysate was decolorized with 
carbon, evaporated to dryness in vacuo, and subsequently diluted to 50 ml. 
with water. 

In analyzing the hydrolysate, we simply determined the percentages of 
the total C™ contained in the different amino acids. For this purpose, 
separate aliquots of the hydrolysate were employed for the isolation of in- 
dividual amino acids. Non-radioactive carriers were added to the aliquots, 
to make possible the recovery of the labeled amino acid in question in both 
higher yield and in purer form. 

Dicarboxylic Amino Acids—200 mg. of L-glutamic acid and 100 mg. of L- 
aspartic acid were added to 10 ml. (one-fifth) of the hydrolysate. Fromthe 
latter the mixed calcium salts of the dicarboxylic acids were prepared. 

After removal of the calcium with oxalate, glutamic acid was separated 
by crystallization from a concentrated hydrochloric acid solution. It was 
then recrystallized from the same solvent. Found, N 7.85; theory, N 7.67. 

Aspartic acid was precipitated from neutral solution as the copper salt. 
The latter was decomposed with hydrogen sulfide, the copper sulfide re- 
moved, and the free aspartic acid crystallized from aqueous alcohol solu- 
tion. Found, N 10.25; theory, N 10.53. 

Arginine—To 5 ml. (one-tenth) of the hydrolysate were added 50 mg. 
of t-arginine hydrochloride. Arginine diflavianate was subsequently iso- 
lated, and from it arginine monohydrochloride was prepared. Found, 
N 26.0; theory, N 26.7. 

Glycine—To a 1 ml. aliquot of hydrolysate (pH 1) were added 15 mg. of 
glycine and 150 mg. of potassium trioxalatochromiate. Then 3 volumes of 
ethyl alcohol were added, and the mixture shaken for 8 hours. ‘The pre- 
cipitated glycine salt was recrystallized twice from dilute hydrochloric acid 
by adding 2 volumes of alcohol. Found, N 2.15; theory, N 2.5 for 
(Cr(C204)3)6Ky3(C2H—¢O02N )5-3H:O (9). 

Proline—To 3 ml. of hydrolysate were added 50 mg. of L-proline, followed 
by 200 mg. of ammonium rhodanilate (10) in 3 ml. of methanol. The re- 
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sulting crystalline precipitate of proline rhodanilate was recrystallized twice 
from methanol by adding 0.1 N hydrochloric acid. Found, N 15.4; theory, 
N 16.2 for (CygHyaNeSaCr) (CgHyO2N) - H2O. : 

Serine—To 5 ml. of hydrolysate were added 200 mg. of pi-serine. Then 
0.6 ml. of methyl cellosolve and 890 mg. of p-hydroxyazobenzene-p-sulfonic 
acid were added. The resulting serine salt was purified by the method of 
Stein and coworkers (11). Subsequently the salt was decomposed with 
barium acetate, and serine was isolated and recrystallized from aqueous 
alcohol. Found, N 12.9; theory, N 13.3. 


TABLE I 
Relative Rates of C'4 Uptake and Turnover by Proteins of Different Organs of Rats 





Activity in per cent of administered C' found per gm. 




















Organ protein after 

| } hr.* | Ghrs.* | 18hrs. | 3days | 5 days 
anead wise. <2. .<. 7 | 0.3 | 3.7 | 3.25 | 1.35 | 0.95 
Bone marrow... : | 0.2 2.15 2.2 1.4 0.9 
ES Diya et ....| 0.25 | 2.05 | 1.35 | 1.2 | 0.85 
Kidney. ; | 0.15 1.95 1.3 1.1 0.95 
Plasma ..| 0.05 1.8 | 1.6 | 0.95 0.75 
Spleen. . ..-| 0.05 1.45 | 1.25 0.8 0.6 
Lung. . | 0.15 1.3 i 2 | oe 0.65 
Testes. | 0.05 | 0.5 0.5 0.45 | 0.4 
Muscle. . . | 0.0 | 0.15 | 0.2 0.2 0.2 
Red blood cells. . | 0.0 0.15 | 0.15 0.2 0.25 
Brain ee ~. oy 0.1 0.15 | 0.1 0.1 





| ; 


* The } and 6 hour values are for glycine* given intravenously, and hence are not 
strictly comparable with those for the longer times, which correspond to administra- 
tion by stomach tube. 








Tyrosine—This amino acid was isolated and purified as previously de- 
scribed (8). 


RESULTS AND DISCUSSION 

Incorporation of C™ into Proteins—The data in Table I indicate that fel- 
lowing the administration of a single dose of glycine* the C'* concentration 
in the proteins of most organs reached a peak within approximately 6 to 18 
hours. Subsequently the values approached a common lower level. While 
the C™ levels in the proteins were very low in the } hour experiments, the 
corresponding non-protein filtrates were found tothave very high radioac- 
tivity. Inthe 3 and 5 day experiments, the non-protein filtrates had negli- 
gible activity. 

The relative activities of the different organs conform fairly well to the 
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pattern observed in studies with labeled methionine (12) and tyrosine (8). 
Proteins of the intestinal mucosa showed the greatest ability to accumulate 
C. Other active tissues were bone marrow, liver, kidney, plasma, spleen, 
and lung. Least active were muscle, red blood cells, and brain. These 
results are qualitatively similar to those of Ratner and coworkers (1), who 
found high N® concentrations in proteins of liver, intestines, and serum, 
but low levels in muscle, brain, and erythrocytes, following the feeding of 
N-labeled glycine. 

Shemin and Rittenberg (2) likewise found that proteins which started 
above the average isotope level steadily decreased in N™ concentration, 
while the carcass slowly increased with time. They estimated the half life 
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Distribution of C4 among Amino Acids of Tissue Proteins 
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* Inasmuch as several doses of glycine* were administered and pooled tissue pro- 
teins hydrolyzed, it was not feasible to express the activities of the amino acids 
in terms of the administered glycine*, as was done in Paper I (8). 

¢ In a separate experiment in which the glycine* was isolated with the aid of ex- 
cess carrier, a value of 68 per cent was obtained. 


of N'5 in the liver proteins to be 6.5 days. While our data are not suffi- 
ciently extensive to permit an accurate calculation, we estimate the half 
life of C4 to be approximately 5 days in the proteins of the more active in- 
ternal organs, including liver. 

From the weights of the proteins of the different organs, it was calculated 
that the total C" incorporated comprised about 8 per cent of the adminis- 
tered dose in either the 6 or 18 hour experiments. Less than 4 per cent 
of the C' appeared in the urine in 18 hours. However, about 50 per cent 
of the administered C™ was recovered in the carbon dioxide of the expired 
air during this interval. The same result was obtained by Olsen, Heming- 
way, and Nier (13) whem C!*-labeled glycine was fed to mice. 

C™ Content of Amino Acids—Table II indicates that most of the radio- 
activity in the tissue proteins was accounted for as glycine. The lower 
concentration of C in glutamic and aspartic acids was derived from 
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glycine by mechanisms still unknown. No radioactivity could be detected 
in the serine, proline, or tyrosine. While the precursors of serine and 


. proline are unknown (14), the present results cast doubt on the supposition 


that the glycine molecule is a precursor of either of these amino acids in the 
rat. Very recently Ehrensvird and coworkers have found that labeled 
glycine may give rise to isotopic proline and serine in yeast (15). 

Shemin and Rittenberg (2) found a high isotope concentration in glycine 
and lower concentrations in glutamic acid and arginine after feeding N'- 
labeled glycine. The tyrosine isolated by them also contained isotope, re- 
flecting amino nitrogen transfer. 

Distribution of C% in Urine—Table IIT indicates that hippuric acid and 
free glycine together account for about two-fifths of the total C'* of the 


TaBLeE III 
Distribution of C4 among Urinary Constituents 
The urine was collected over an 18 hour period. 
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urine. Creatinine had a smaller concentration of C™, very likely contained 
in the glycine component. : 

One-fifth of the urinary C’* was present in urea. This C™ is probably 
derived chiefly from the liver arginine. The feeding of N™-labeled glycine 
was shown (2) to result in a concentration of Nin urinary urea very nearly 
the same as that in the amidine group of liver arginine. 

The very low radioactivity in the ketone bodies is in accord with the view 
that glycine is not ketogenic. By contrast, the administration of tyrosine* 
led to a much higher C" concentration in the urinary ketones (8). 


SUMMARY 


Glycine, labeled in the carboxyl group with radioactive carbon, C%, 
was used to study the metabolism of this amino acid in rats. The C" con- 
centrations in the proteins of the different body organs were determined for 
varying time intervals following the administration of single doses of the 
labeled glycine to the animals. In most organs the radioactivity reached a 
peak after about 6 to 18 hours. Thereafter the C concentrations slowly 
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approached a common lower level. The more active organs were intes- 
tines, bone marrow, liver, kidney, plasma, spleen, and lung. Muscle, red 
blood cells, and brain were least active in C“ uptake. 

Approximately 60 per cent of the C' in the hydrolysate of the proteins 
was accounted for as glycine. Much smaller C concentrations were found 
in glutamic acid, aspartic acid, and arginine. Tyrosine, serine, and proline 
were inactive. 

18 hours after the administration of radioglycine, about 50 per cent of its 
C™ was eliminated as respiratory carbon dioxide, while only 4 per cent, ap- 
peared in the urine. 

Urea, hippuric acid, and free glycine accounted for most of the urinary 
C"™", while low radioactivities were found in creatinine and in the ketone 
bodies. 
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THE PREPARATION OF SODIUM ACETATE LABELED WITH 
RADIOACTIVE CARBON IN THE METHYL GROUP* 


By B. M. TOLBERT 
(From the Radiation Laboratory and the Department of Chemistry, University 
‘of California, Berkeley) 


(Received for publication, October 15, 1947) 


The purpose of this paper is to describe the preparation of sodium acetate 
from methyl iodide! on a 15 to 25 mm scale by carbonating methyl 
magnesium iodide. 

The several steps of the preparation and yields are as follows: 


(1) C“H;I + Mg —— C*H;Mgl 100% 
(2) C“'H;MgI + CO. —— C"H;CO,Mgl 
H+ 70-75% 
(3) C“H;,CO.Mgl —-———-— C"H;CO.H 
OH- s 
(4) C“H;CO.H a 7 C"“H,CO.Na 100% 


Steps (1) and (2) were carried out in an evacuated closed system (Fig. 1). 
The 150 ml. conical reaction flask, D, containing 50 ml. of dry ether and 0.5 
gm. of magnesium turnings, was chilled with liquid nitrogen and 1 ml. 
(2.28 gm.) of methyl] iodide distilled in from storage vessel B. The reac- 
tion vessel was closed off and the ether refluxed 1 hour. The reaction flask 
was then cooled to —20° and carbon dioxide, that had been dried by pass- 
ing through a spiral immersed in dry ice-acetone and freed of oxygen and 
nitrogen by condensing with liquid air and evacuating at low pressures, 
was added from bulb J until a pressure of about 30 em. was maintained in 
the system. Stirring was then continued for 10 minutes. The reaction 
vessel was removed from the line and opened in the hood and the cold (—20° 
to —50°) Grignard complex decomposed with 15 ml. of 6 N sulfuric acid. 
After decomposition, an additional 35 ml. of water were added. 5 gm. of 
silver sulfate were added to precipitate the iodide present. The ether was 
distilled off and the acetic acid was steam-distilled from the reaction mix- 
ture with about 300 ml. of water. This distillate was exactly neutralized 
with 1 N sodium hydroxide solution with a glass electrode, evaporated to a 
small volume, filtered, evaporated to dryness, and dried in vacuo at 107° 

* This paper is based on work performed under contract No. W-7405-Eng-48 of 


the Atomic Energy Commission with the University of California. 
1 Tolbert, B. M., J. Am. Chem. Soc., 69, 1529 (1947). 
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Fig. 1. Grignard preparation and carbonation unit. A, large liquid air trap; 
B, methyl iodide storage vessel; C, drying tube; D, Grignard flask; F, induction stir- 
rer; F, dry ice-acetone reflux condenser; G, Bourdon type vacuum gages; H, thermo- 
couple type vacuum gage; J, to COz storage bulb; K, mercury manometer; L, Selsyn 
generator stator. Note that the manifold may be readily removed for cleaning. 


mm. pressure. The yield of white anhydrous sodium acetate was 70 to 75 
per cent, the titration and weighings agreeing within a few tenths per cent. 

In several test runs with inactive methy] iodide, titration of the Grignard 
solution showed the yield to be 98 to 100 per cent in this step. The silver 
sulfate is necessary to precipitate the iodide from the reaction mixture; if 
it is not added, free iodine will distil over and the product will be contam- 
inated with iodine compounds. 


SUMMARY 


Sodium acetate labeled with C™ in the methyl group has been prepared 
on a 15 to 25 mo scale in 70 to 75 per cent yield by carbonating labeled 
methyl magnesium iodide in a vacuum system. 
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SYNTHESIS OF CHLOROACETIC ACID AND GLYCINE LABELED 
WITH RADIOACTIVE CARBON IN THE CARBOXYL 
GROUP* 


By ROSEMARIE OSTWALDt 


(From the Radiation Laboratory and the Department of Chemistry, University 
of California, Berkeley) 


(Received for publication, October 15, 1947) 


In order to investigate certain aspects of protein metabolism, it was de- 
sired to prepare glycine labeled with radioactive carbon. The method of 
preparation was chosen with the object of obtaining the highest possible 
yields, and techniques suitable for handling small amounts of material were 
used throughout. The reactions employed and the yields obtained were as 
follows: 

The synthesis involves three steps; namely, conversion of sodium acetate 
to acetic acid (yield, 98 per cent), chlorination to monochloroacetic acid 
with PC}, in the presence of phosphorus and iodine (yield, 70 to 90 per cent), 
and amination with ammonia in the presence of ammonium carbonate 
(yield, 80 to 90 per cent). 


EXPERIMENTAL 


Chloroacetic Acid—A platinum boat charged with 1.4C81 gm. of car- 
boxyl-labeled anhydrous sodium acetate (1)! was placed in a horizontal 
glass tube and dried in vacuo at 3 X 10-* mm. of Hg for 24hours. The tube 
was then connected to a train of three traps, each of which was cooled with 
an isopropyl alcohol-dry ice mixture; the last trap was protected with a 
calcium chloride tube. Gaseous hydrogen chloride, dried with concen- 
trated sulfuric acid, drierite, and anhydrous aluminum chloride, was passed 
slowly through the train. The tube was gradually heated and the liberated 
acetic acid distilled into the traps. When the reaction was complete, the 
three traps were connected to the vacuum line and the contents were dis- 
tilled into a small reaction vessel (Fig. 1), which was cooled with liquid 
nitrogen. The product contained 10 to 15 per cent water and a consider- 


* This work was done under the auspices of the Atomic Energy Commission, under 
contract No. W-7405-Eng-48 with the University of California. 

{Supported by a grant to Professor D. M. Greenberg, University of California, 
from the American Cancer Society (recommended by the Committee on Growth of 
the National Research Council). 

1 The author wishes to thank R. M. Lemmon for the preparation of the carboxyl- 
labeled sodium acetate. 
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208 CHLOROACETIC ACID AND GLYCINE 


able amount of gaseous hydrogen chloride. The reaction vessel, protected 
by a low temperature condenser cooled with isopropyl aleohol-dry ice and 
fitted with a calcium chloride tube, was warmed to room temperature. 0.65 
gm. of acetic anhydride was added and the mixture was refluxed for } hour 
to remove the water. A mixture of 0.02 gm. of iodine, 0.04 gm. of phos- 
phorus, and 0.08 gm. of phosphorus pentachloride was added (2), and dry 
chlorine was passed through the system at reflux temperature for 2} hours 
(see Fig. 1). 

After the chlorination was completed, all of the material in the condenser 
and in the gas inlet tube was distilled in vacuo back into the reaction ves- 
sel, which was cooled in liquid nitrogen. The chloroacetic acid was then 

ISOPROPYL_ ALCOHOL 
DRY ICE 





CHLORINATION 
REACTION 
VESSEL 











Fia. 1. Reaction vessel for chlorination 


purified by fractional sublimation in vacuo onto a cold finger condenser 
filled with powdered dry ice. 

The yield of pure product was 1.52 gm., m.p. 60°, which is 67 per cent 
based on anhydrous sodium acetate.. Previous runs with inactive material 
had given yields of 85 to 90 per cent. 

The sodium acetate used had a specific activity (1, 3) of 1.6 & 105 counts 
per minute per mg. The total activity was 650 microcuries. The chloro- 
acetic acid obtained had a specific activity of 5 X 104 counts per minute 
per mg. and a total activity of 440 microcuries. The activity recovered 
from residues and washings was 100 microcuries. 

Glycine—Glycine labeled with C"’ has been prepared by several investiga- 
tors (4-6). Glycine labeled with C™ has been described by Gurin and Del- 


luva (7). 
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A mixture of 3.2 gm. of powdered ammonium carbonate, 10 ml. of con- 
centrated ammonia, and 4 ml. of water was heated in a small three-neck 
flask, which was fitted through ground glass joints to a pressure-equalized 
dropping funnel, a Liebig condenser, and a thermometer. After the salt 
had dissolved, 1.014 gm. of carboxyl-labeled chloroacetic acid in 3 ml. of 
water were added dropwise through the dropping funnel at such a rate that 
the temperature of the solution did not rise above 60°. The mixture was 
held at 60° for 6 hours and was then allowed to stand for 12 hours at room 
temperature. The solution was then concentrated until its temperature 
reached 112°. The distillate showed only very slight radioactivity. The 
yellowish solution was cooled to 70°, and 15 ml. of absolute methanol were 
added slowly with agitation. The mixture was cooled in a refrigerator for 
lhour. The precipitate was filtered and washed with methanol and ether 
(8, 9). 

The yield of pure white crystals, which showed no trace of chloride ion, 
was 0.54 gm. or 70 per cent (m. p. 225°, with decomposition). C 32.02, H 
6.78; calculated, C 32.02, H 6.78. Upon concentration, the mother liquor 
gave 0.08 gm. of glycine which increased the vield to 0.62 gm. or 79 per cent, 
based on chloroacetie acid. 

The chloroacetice acid used had a total activity of 299 microcuries. The 
glycine had a specifie activity of 6.3 X 10* counts per minute per mg. and a 
total activity of 229 microcuries. From distillates and mother liquors, 50.4 
microcuries were recovered. 

SUMMARY 

Carboxyl-labeled chloroacetic acid was prepared from sodium acetate 
labeled in the carboxyl position with C™. Carboxyl-labeled glycine with 
a specific activity of 6.3 X 104 counts per minute per mg. was prepared in 
turn from the chloroacetic acid. The over-all yield of glycine was 42 per 
cent, based on sodium acetate. 


The author wishes to thank Professor M. Calvin for his advice in this 
work. 
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THE INHIBITION OF PYRUVIC OXIDASE BY 
PROTOANEMONIN* 


By HAROLD BAER 


(From the Department of Bacteriology, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, December 3, 1947) 


During the study of the biological action of protoanemonin (1, 2) it 
was found that this substance could inhibit the enzymatic oxidation of 
pyruvic acid. Proteus vulgaris or the cell-free pyruvic oxidase prepared 
from it (3) was used to carry out the oxidation of the pyruvic acid. 

The addition of a solution of protoanemonin to a washed suspension of 
Proteus vulgaris, with pyruvic acid as the substrate, resulted in a marked 
reduction in oxygen uptake. Protoanemonin did not inhibit the action 
of the cell-free pyruvic oxidase under the same conditions. In searching 
for the cause of this discrepancy a further study was made of the pyruvic 
oxidase, since it presented a simpler system than the intact organism. 

Pyruvie oxidase consists of a protein, diphosphothiamine as coenzyme, 
and a bivalent metal such as magnesium, the naturally occurring metal, or 
manganese. The coenzyme is easily removed from the enzyme by pre- 
cipitation with acetic acid at pH 4.3, leaving the protein metal complex 
(3). There is, however, difficulty in completely separating the protein 
from its metal. The protein preparations used in these experiments almost 
certainly contained some of the metal, since the addition of diphospho- 
thiamine to the protein preparations yielded solutions with some enzymatic 
activity. Addition of manganese sulfate solution, however, resulted in an 
increase in activity. 

Incubation. of the protein moiety with protoanemonin for about 3 hour 
prior to the addition of the remainder of the enzyme system inhibited the 
enzyme so that it was only capable of 20 per cent or less of its normal oxygen 
consumption. ‘Treatment of the protein with diphosphothiamine or diphos- 
phothiamine and manganese before the addition of the protoanemonin 
resulted in an active enzyme system. Manganese sulfate alone could not 
protect the protein from the partially inactivating action of protoanemonin. 

In order to gain further information about this reaction the effect of 
other inhibitors was studied. If iodoacetic acid or p-chloromercuribenzoic 
acid was allowed to interact with the protein, it was no longer capable of 
functioning as part of the pyruvic oxidase system. However, the above 


* Conducted with the aid of grants from the John and Mary R. Markle Foundation 
and The Squibb Institute for Medical Research. 
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substances failed to inhibit the action of the protein-coenzyme. complex, 
Sodium tetrathionate also destroyed the protein, but the coenzyme gave 
only partial protection from the action of this reagent. Sodium fluoride 
failed to inhibit the enzyme under any circumstances, in confirmation of 
Stumpf’s findings. 

While the cell-free enzyme oxidizes pyruvate to acetate, the intact cells 
oxidize acetate as well as pyruvate. The oxidation of acetate by the intact 
cells proceeds at a slower rate than the oxidation of pyruvate. It is of 
interest that acetate oxidation is also inhibited by protoanemonin (Table 


I). 


TABLE [| 


Oxygen uptake after 


reagent 
Oxygen uptake of | 
Reagent T eateal ; 
Pyruvate substrate, 
0.2M 
c.mm. per 20 min. | c.mm. per 20 min 
Diphosphothiamine* + manganese* 48 45 
ss + ee + protoane- 45 19 
monin, 0.003 mM ’ 
Protoanemonin, 0.003 m 48 13 
ss O.017 ** 36 9 
Acetate substrate, 
0.2M 
¥ O:017 ** 24 0 


* Diphosphothiamine = 0.5 ml. of 0.1 per cent diphosphothiamine; manganese = 
0.3 ml. of 0.1 per cent manganese sulfate. 


DISCUSSION 

There are indications that unsaturated lactones, such as protoanemonin, 
can react with sulfhydryl groups (4), and iodoacetie acid, p-chloromercuri- 
benzoic acid, and sodium tetrathionate (5, 6) are thought to react almost 
exclusively with this type of protein grouping. It appears, therefore, that 
this pyruvic oxidase possesses essential sulfhydryl groups; this is in accord 
with Barron’s observation on a pyruvic oxidase obtained from another 
source (7). Furthermore, this view is supported by the ability of BAL to 
reverse the inhibition by these agents. 

If the sulfhydryl groups are involved in the above reactions then the 
metal is probably not linked to the protein through the sulfhydryl groups, 
for the protein preparations used contained some metal and even the addi- 
tion of an excess of manganese sulfate solution failed to afford protection. 
However, diphosphothiamine does protect the enzyme and consequently 
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may be bound directly to the protein SH groups, possibly as a thiophos- 
phoric ester. This is further supported by the fact that thiamine cannot 
function as the coenzyme, only the pyrophosphoric acid derivative being 
active. It is known that the diphosphothiamine is more easily removed 
from the enzyme than the metal ion; in fact, the metal is difficult to remove 
(3). Therefore, it is proposed that the coenzyme and the metal are each 
attached to the protein, but through different linkages. 

It is recognized that the value of studies utilizing inhibitors is strongly 
dependent on the specificity of the inhibitor, and on this basis the useful- 
ness of some sulfhydryl reagents has been questioned (8). Nevertheless, 
it is felt that the variety of reagents employed in these experiments, all 


TaBLe II 


Effect of Inhibitors on Pyruvic Oxidase Protein 


eaneae | Oxygen uptake of |Oxygen uptake after 
7 } control addition of reagent 


| c.mm. per 10 min. 





c.mm. per 10 min. 
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Detenimetec. O30. SA Sites 23 2 
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pointing in the same direction, indicate the likelihood of the above inter- 
pretation. 
EXPERIMENTAL 

The Proteus vulgaris was grown on tryptose phosphate agar (Difco) 
in Roux bottles and washed off with 0.4 per cent saline after about 16 hours 
of incubation at 37°. For experiments with intact cells the organisms were 
washed three times with m/15 phosphate buffer and aerated for 1 hour. 
Pyruvic oxidase was prepared by growing the organisms as described above 
and then following the procedure of Stumpf (3). Different enzyme prepa- 
rations varied in their rate of oxygen consumption, but otherwise no dif- 
ferences were observed.! 

To determine the inhibitory effect of the various substances, the protein 
portion of the pyruvic oxidase in phosphate buffer at pH 6.2 (or 7.2 for 
those experiments in which p-chloromercuribenzoate was used) was in- 
cubated with the inhibitor (Table IT) for 4 hour at 37°. 0.1 ml. of 0.1 

1 One enzyme preparation seemed to require phosphate, but all other preparations 


functioned without its presence. However, the results of inhibition experiments 
were the same with the phosphate-requiring preparation as with the others. 
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per cent diphosphothiamine and 0.1 ml. of 0.1 per cent manganese sulfate 
solution were then added, the volume in the cups being 2.5 ml.; the sub- 
strate was 0.5 ml. of 0.2 m sodium or lithium pyruvate. Oxygen uptake was 
measured in the Barcroft-Warburg apparatus. Separate cups prepared 


TaB_e III 
Effect of Inhibitors on Whole Pyruvic Oxidase Enzyme 


Oxygen uptake of Oxygen uptake after 


Reagent control addition of reagent 

c.mm, per 10 min, | c.mm, per 10 min, 
Protoanemonin, 0.003 M....... 22 22 
p-Chloromercuribenzoate, 0.0003 m.. 36 28 
Iodoacetate, 0.017 m. 28 28 
Q 


Tetrathionate, 0.1“ ..... 23 


TABLE IV 


Attempted Protection from Inhibition of Pyruvic Oxidase Protein 
: Oxygen up- Oxygen up- 
Inhibitor Protecting agent take of take after 
control inhibitor 


c.mm. per 10 | c.mm. per 10 


min. min. 

p-Chloromercuribenzoate, 0.0003 m Manganese sulfate 36 0) 
i 0.0003 ‘ Diphosphothiamine 36 27 
Protoanemonin, 0.002 Manganese sulfate 30 13 
" 0.002 *‘ Diphosphothiamine 30 30 


TABLE V 


Reversal by BAL of Pyruvic Oxidase Protein Inhibition 


1 Oxygen uptake 
Oxygen uptake | Oxygen uptake ‘tbat een ir 
xyB¢ ptake “ i} ifter inhibitor 


H H © ~ + >t 5 . . 1: . 
Inhibitor added to protein ph geet es: after sahinntor 


ind BAL 

c.mm. per c.mm. per c.mm. per 
20 min. 20 min. 20) min 
Protoanemonin, 0.003 M Eero 91 0 79 
Tetrathionate, 0.1 M.... ae 91 5 63 
p-Chloromercuribenzoate, 0.0003 Mm. . 14 0 13 


in an identical manner but with buffer substituted for the inhibitor were 
used as controls. The data in Table III were obtained by incubating the 
complete enzyme with the inhibitor for } hour and then measuring the 
oxygen uptake. 

Protection of the protein was measured by incubating the protein in 
buffer with the protecting agent (Table IV) for 15 minutes at 37°. After 
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adding the inhibitor and incubating for another 3 hour the remainder of 
the enzyme components was added and the oxygen uptake measured. 
Again, separate cups served as controls. 

The effect of BAL was determined by incubating the pyruvic oxidase 
protein with the inhibitor at 37° for 30 minutes, then adding 0.3 ml. of an 
0.3 m solution of BAL, incubating for another 30 minutes and, finally, 
adding the remainder of the enzyme components (Table V). 

Pyruvic acid was used in the form of its lithium or sodium salt; proto- 
anemonin was stored in the form of a 1 or 0.5 per cent stock solution (2) 
and diluted when necessary. p-Chloromercuribenzoic acid was obtained 
from Dr. 8. Dickman and solutions prepared by dissolving it in an equiva- 
lent of sodium hydroxide solution and then diluting in water to the final 
concentration. The author is indebted to Dr. David Green and to Merck 
and Company, Inc., for samples of diphosphothiamine, and to Dr. A. 
Gilman for BAL and sodium tetrathionate. 


SUMMARY 


Protoanemonin inhibits the oxidation of pyruvic acid by intact cells of 
Proteus vulgaris, but does not inhibit this oxidation by the cell-free enzyme. 
However, if the protein portion of the enzyme is treated with this reagent, 
the enzyme is partially inactivated but the protein may be protected by the 
coenzyme if this is added prior to the inhibitor. Iodoacetic acid and 
p-chloromercuribenzoic acid act in an analogous fashion toward the cell-free 
enzyme, While fluoride does not inhibit under any conditions. Inhibition 
of the coenzyme-free protein by two of these substances was reversed by 


BAL. 


The author wishes to express his thanks and gratitude to Dr. B. C. Seegal 
and to Dr. David Green. 
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ON THE SPECIFICITY OF CHICKEN PANCREAS CONJUGASE 
(y-GLUTAMIC ACID CARBOXYPEPTIDASE)* 


By ANNA KAZENKO anno M. LASKOWSKI 


(From the Department of Biochemistry, Marquette University School of 
Medicine, Milwaukee) 


(Received for publication, December 12, 1947) 


The early studies on conjugase from chicken pancreas (1, 2) did not 
lead to the identification of this enzyme. Subsequent progress in the elu- 
cidation of the chemical structure of pteroylglutamic acid (3) and its deriv- 
atives (4, 5) left little doubt that conjugase is one of the peptidases. 
Pfiffmer et al. (4) classified the conjugase enzymes as carboxypeptidases 
after they showed that the methyl ester of pteroylheptaglutamate was not 
attacked by conjugase, while the free acid was attacked. 

In the present paper the results of some experiments designed to deter- 


mine the specificity of conjugase toward several suspected substrates are 
reported. 


Methods 


Conjugase was prepared by a method similar to that previously described 
(2). The main difference was in the time of autolysis. Since we were 
forced to buy chicken pancreas from a distant location,! samples as received 
in this laboratory varied considerably in both original activity and resist- 
ance to autolysis. Only occasional samples were comparable in potency 
to fresh pancreas preparations. Since the autolysis of the majority of 
samples led to a definite decrease in activity, the optimal time of autolysis 
for each shipment was determined. ‘This time, varying from 0 to 24 hours, 
was then used for the larger scale preparations. The decreased or, most 
commonly, the omitted time of autolysis resulted in a less complete ex- 
traction of conjugase and the retention of a larger amount of inert protein. 
The activity of most of the material thus prepared was between 20,000 
and 100,000 units per mg., as determined by microbiological assay. These 
values are comparable to those obtained in the second stage of the prepara- 
tions previously described (2). It was found that conjugase did not lose 
activity after several months when, after being frozen, it was stored at 
— 18°. 

The substrates to be investigated were dissolved or suspended in 0.2 m 

* Aided by grants from the John and Mary R. Markle Foundation and the Donner 
Foundation, Inc. 

1 Obtained from the Chester B. Franz Company, Mammoth Spring, Arkansas. 

217 











218 _ CHICKEN PANCREAS CONJUGASE 


borate buffer, pH 7.8, so that the resulting solution was 0.1 m with respect 
to the substrate. Borate buffer was used in preference to veronal buffer, 
since the latter was found to inhibit conjugase. An equal volume of con- 
jugase solution, containing from 1 to 5 mg. of protein per cc. and made 
0.02 m with respect to calcium chloride, was added, and the mixture was 
incubated for varying periods of time at 32°. Samples of 0.2 cc. were with- 
drawn for the titration of liberated carboxyl groups (10 micromoles of 
substrate) ; samples of 0.1 cc. (equivalent to 5 micromoles of substrate) were 
used for manometric determinations. For microbiological assays, appro- 
priate dilutions from a 0.1 cc. sample were made. 

Liberated carboxyl groups were titrated in 95 per cent alcohol according 
to the method of Grassmann and Heyde (6). Liberated glutamic acid was 
determined manometrically, with either bacterial decarboxylase? (7) or 
squash decarboxylase’ (8). None of the peptides investigated was attacked 
by the bacterial decarboxylase. A large majority of the squash prepara- 
tions also did not attack these substrates. Only two exceptions were 
noted; squash decarboxylase slowly decarboxylated L-glutamyl-L-glutamic 
acid and carbobenzoxy-L-phenylalanyl-t-glutamic acid. Apparently these 
two preparations of squash decarboxylase still contained an enzyme ¢ca- 
pable of hydrolyzing the terminal glutamic acid. 


EXPERIMENTAL 


Conjugase, prepared as described above, was found to be free of any 
enzymes attacking glutamic acid. Incubation of varied amounts of glu- 
tamic acid (1 to 7 micromoles) with conjugase for periods ranging from 2 
to 24 hours resulted in the subsequent recovery of glutamic acid within 
the limits of experimental error. 

When the substrates‘ a-L-glutamyl-t-glutamic acid, carbobenzoxy-a-L- 
glutamyl-t-glutamic acid, carbobenzoxy-t-phenylalanyl-u-glutamic acid, 
carbobenzoxyglycyl-L-glutamic acid, and glutathione were incubated over- 
night with conjugase, no liberation of glutamic acid could be detected 
either by the titration method or by manometric means with decarboxylase. 

Hydrolysis of glutamic acid was demonstrated with the substrates, p- 
aminobenzoyl-y-glutamyl-y-glutamylglutamic acid, synthetic pteroyltriglu- 
tamate, and a natural fermentation factor’ (Table I). 

From the results presented in Table I, it was concluded that conjugas, 


2 Obtained through the courtesy of Dr. I. C. Gunsalus. 

* One sample was obtained through the courtesy of Dr. O. Schales. During the 
early spring the squashes available in Milwaukee were inactive. We had no difficulty 
in reproducing Dr. Schales’ preparation using fresh squash later in the season. 

4 Obtained through the courtesy of Dr. J. S. Fruton. 

5 All three substrates were obtained through the courtesy of Dr. E. L. R. Stokstad. 
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hydrolyzes the terminal glutamic acid, having both carboxyl groups free 
and linked through its amino group to the y-carboxyl group of the pre- 
ceding glutamic acid. 


TABLE I 
Substrates Attacked by Conjugase 














| | way, eee | Streptococcus 
Substrate | Time we % Peony | sous 3p 
| recovered | liberated material 
| hrs. | equivalent | equivalent equivalent 
1. p-Aminobenzoyl-y-glutamyl-y-glu- | 19 | 0.75 | 
tamylglutamic acid | | 
2. “ gi 1 0.45 | 
2 | 0.71 | 
4 | 0.71 | 
6 | 0.75 | 
3. “ is 4 | 0.40 | 0.53 
19 | 0.49 | 0.63 
42 | 1.00 
Synthetic pteroyltriglutamate 19 | 0.68 | | 0.60 
Natural fermentation factor 19 0.50 | | 0.65 
TaB_e II 


Effect of Increased Amounts of Conjugase on Liberation of Glutamic Acid from 
p-Aminobenzoyl-y-glutamyl-y-glutamylglutamic Acid 
All the values are in microliters of carbon dioxide liberated and are corrected for 


a blank containing the same amount of substrate as the experimental tube and 
conjugase inactivated by heat. 





Experiment 1 | Experiment 2| Experiment 3 


— | 
| 





1. 5 micromoles triglutamate, 100 y conjugase; in- 103 
cubated 2 hrs., followed by 3 additions of 100 
y conjugase every 2 hrs. 

2. Substrate and conjugase as in No. 1; incubated 94 111 61 
2 hrs., followed by 3 additions of 0.1 cc. 0.01 um 
calcium chloride 

3. Substrate and conjugase as in No. 1; no further 76 58 
additions of either conjugase or 0.01 m cal- 
cium chloride 


112 79 














It is of interest to point out that with substrates producing the micro- 
biologically active substance the relationship of the liberated folic acid and 
glutamic acid was closer to 1:1 than 1:2. Findings of Hutchings et al. (5) 
that on an equimolecular basis pteroyldiglutamate is just as active micro- 
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biologically as the monoglutamate explain our results. It seems quite 
possible that under the ordinary conditions, in which determinations of 
folic acid were carried out with the aid of chicken pancreas conjugase, the 
substance actually determined microbiologically has been the diglutamate 
rather than the monoglutamate. 

In none of the experiments reported in Table I was glutamic acid lib- 
erated in amounts greater than 1 equivalent. This could not have been 
due to an insufficient amount of conjugase (Table II). Further addition of 
enzyme produced a slight increase in liberated glutamic acid in Experiments 
1 and 3, in which the reaction stopped on the level of less than 1 equivalent, 


TaBLe III 
Inhibitory Effect of Glutamic Acid on Conjugase* 


The results represent the difference between the experimental and control tubes 
and are expressed in microliters of carbon dioxide liberated. 














| | | 
. . No glutamic acid | 2.5 micromoles | 5 micromoles | 10 micromoles 
Baperinent No, added | added | adde added 
1 82 | 85 | 23 | 
2 80 64 
3 105 | 124 | 26 | 
4 116 | 23 





* The experiments were carried out as follows: 0.1 ec. (5 micromoles) of p-amino- 
benzoyl-y-glutamyl-y-glutamylglutamic acid was incubated with 0.1 ec. (100 y) of 
conjugase in borate buffer, pH 7.8, made 0.02 m with respect to calcium chloride, 
for a period of 20 hours. Variable amounts of glutamic acid (as the sodium salt) 
were added to the conjugase solution. For each experimental tube, an identical 
control tube was set up, containing conjugase inactivated by heat. 


but was without effect in Experiment 2, where the reaction reached 1.0 
equivalent. 

Two possible alternatives were therefore considered: (1) the conjugase 
was unable to hydrolyze the second glutamic acid since it required at least 
three glutamic acids in a peptide chain, or (2) the reaction did not go to 
completion because it was inhibited by the glutamic acid formed. 

The second alternative seemed more likely. The addition of glutamic 
acid to the reaction mixture (Table III) showed an inhibitory effect begin- 
ning at 5 micromoles of glutamic acid. This amount corresponded to the 
liberation of 1 equivalent of glutamic acid from the peptide. At present, 
however, no definite statement can be made as to whether the inhibitory 
effect of glutamic acid is due to the existence of a true equilibrium for this 
reaction. 
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SUMMARY 


Preparations of partially purified conjugase did not liberate the terminal 
glutamic acid linked to the a-carboxyl group of the preceding amino acid 
from any of the four peptides investigated. No hydrolysis of the initial 
glutamic acid linked either through the a-carboxyl, e.g. glutamylglutamic 
acid, or through the y-carboxyl, e.g. glutathione, was observed. 

Conjugase hydrolyzed glutamic acid from p-aminobenzoyl-y-glutamyl-y- 
glutamylglutamic acid, synthetic pteroyltriglutamate, and natural fermen- 
tation factor, but more than 1 equivalent of glutamic acid was never 
recovered. This was probably due to the inhibition of conjugase by the 
glutamic acid formed during the course of the reaction. 

From the evidence thus far accumulated, chicken pancreas conjugase 
should be classified as y-glutamic acid carboxypeptidase, requiring at least 
2 terminal glutamic acid molecules in the peptide chain. Further require- 
ments for specificity of conjugase with respect to the length of the chain 
were discussed. 


The authors wish to acknowledge the help given by Miss J. M. Lemley 
in starting the microbiological assays in this laboratory. 
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BIOCHEMICAL STUDIES ON REGENERATING LIVER 


By ALEX B. NOVIKOFF* anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison) 


(Received for publication, September 29, 1947) 


Regenerating liver of the rat has long been recognized as a source of rela- 
tively abundant quantities of homogeneous rapidly growing tissue. Fol- 
lowing the removal of the two largest lobes of the liver, the remaining ones, 
constituting about one-third of the total, enlarge to the size of the original 
liver in the span of a few days. The work of Higgins and Anderson (1), 
Brues et al. (2), and others has established that this enlargement is due to 
true hyperplastic growth. 

It therefore seemed to us an especially favorable tissue in which to test, 
by chemical analysis, the current view that nucleic acids are intimately 
related to growth. It should be noted that, although there is considerable 
indirect evidence to support this view, there is surprisingly little direct 
chemical data to demonstrate this relation. Caspersson and his colleagues 
(3-5) have shown an increased absorption of ultraviolet light, at 260 mu, 
in the cytoplasm of actively growing cells. Stowell (6), using photometric 
histochemical methods, demonstrated a higher nucleic acid content in neo- 
plastic tissue than in the homologous normal tissue. Brachet (7) has com- 
bined cytochemical techniques with the chemical estimation of furfural to 
reveal an increasing pentosenucleic acid (PNA) concentration during em- 
bryonic growth. Davidson and Waymouth (8) have estimated the PNA 
and desoxypentosenucleic acid (DNA) content of embryonic and adult 
tissues, and have found the concentration of both nucleic acids higher in 
embryonic than in adult tissues. Schneider and Klug (9) assayed rapidly 
growing tumors chemically and found them to have a high nucleic acid 
content. 

In this paper we shall present results which demonstrate a rise in PNA 
content of the liver when it is rapidly growing. We shall also present analy- 
ses, performed on the same tissue, for other substances which may be related 
to growth, lactic acid, glycogen, adenosine triphosphate, adenosine diphos- 
phate, adenylic acid, and pentose phosphate, and for four oxidative enzyme 
systems, succinoxidase, malic dehydrogenase, cytochrome reductase, and 
oxalacetic oxidase. 


* Fellow in Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council. Present address, Biology 
Department, Brooklyn College, Brooklyn, New York. 
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EXPERIMENTAL 


The Sprague-Dawley albino rats used in these experiments ranged jn 
weight from 108 to 205 gm. Partial hepatectomy was performed by the 
method of Higgins and Anderson (1). The animals were kept on their 
customary dog chow and mixed grain diet before and after surgery. 

In the first series of experiments, the liver lobes removed at partial hepat- 
ectomy were frozen in liquid air, weighed, and stored at —20°. The ani- 
mals from which they were removed were kept for periods ranging from 13 
hours to 23 days. They were then anesthetized lightly with nembutal., 
Their livers were removed, frozen at once in liquid air, and stored at —20°, 
Both the animal and the liver removed were weighed at the time of partial 
hepatectomy and again when the animal was killed. Both the original and 
regenerated livers of the thirty-eight animals in this series were analyzed. 

The frozen tissue was powdered, homogenized, and extracted with cold 
trichloroacetic acid by the method of LePage and Umbreit (10). An 
aliquot of the powder was used to determine the water content of the sam- 
ples. The acid extract was discarded and the tissue residue analyzed for 
PNA and DNA by the method of Schneider (9, a). 

The analyses for nucleotides, pentose phosphate, lactic acid, and glyco- 
gen were made by the method of LePage and Umbreit (10) on selected 
samples of regenerated livers. They could not be done profitably on the 
original livers, since the ether anesthesia necessary for the surgical procedure 
is likely to alter the adenosine triphosphate-adenyliec acid balance and the 
lactic acid levels of the cells... For controls, therefore, the livers were re- 
moved from two animals in the same fashion as the regenerated livers. The 
livers were pooled, frozen, and analyzed in the same way as the regenerated 
livers. 

In the second series of experiments, eight animals were used. Four were 
kept for 48 hours after partial hepatectomy, two for 24 hours, and two for 
15hours. The original livers and regenerated livers were tested for enzyme 
activity within a short time after removal from the animals. The enzyme 
activities were determined manometrically by the method of Schneider 
and Potter (11) for succinoxidase, of Potter (12) for malic dehydrogenase 
and cytochrome reductase,? and of Potter* for oxalacetic oxidase. 


Resulis 


Pentosenucleic Acid—Fig. 1 indicates the quantity of PNA, expressed in 
mg. per gm. of dry tissue, for the original livers and regenerated livers, 


1 LePage, G. A., unpublished. 

2 We wish to thank Mr. Morris Rhian for the purified malic dehydrogenase prepara- 
tion and Dr. G. A. LePage for the diphosphopyridine nucleotide which were used in 
these assays. 

3 Potter, V. R., to be published. 
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plotted against days after partial hepatectomy. It can be seen that during 
the Ist day and after the 4th day there is no segregation of solid and open 
circles. But between the Ist and 4th days they are clearly separated, with 
the concentration of PNA in the regenerated liver considerably higher than 
that of the original livers. The highest concentration was 44 mg. per gm., 
or 4.4 per cent of the dry weight of the tissue. 
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DAYS AFTER PARTIAL HEPATECTOMY 


Fic. 1. Pentosenucleic acid (PNA) concentration of original (@) and regenerated 
(O) livers, from 4 day to 23 days after partial hepatectomy. 

For each animal, the percentage change in PNA concentration in the 
regenerated liver as compared with the original liver was calculated. The 
lower curve of Fig. 2 shows the data obtained, plotted against time. It is 
evident that the rate of increase is greatest between 1} and 3 days after 
partial hepatectomy. The curve has leveled off almost completely between 
4and 5days. The greatest percentage increase was 62 per cent, obtained 
in two animals, one 36 hours and the other 62 hours after partial hepatec- 
tomy. 

Fig. 2 also shows the percentage change in the weight of regenerated liver 
when compared with the weight of the liver left in the animal at partial 
hepatectomy. ‘The relation, total liver weight = 1.46 X weight of lobes 
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removed at partial hepatectomy, seems fairly well established (2, 13), and 
was the basis for our calculations. Changes in liver weight were corrected 
for changes in total body weight. It is clear that liver growth, as measured 
by the organ’s weight, is most rapid between 1} and 3 days. 

Thus, there is a correlation between the time of most rapid growth of the 
liver and the time of increase in the concentration of PNA. 
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Fig. 2. Percentage change in PNA concentration and in weight, in the regenerated 
liver as compared with the original liver. 


Desoxypentosenucleic Acid—Although there were decided changes in 
DNA concentration following partial hepatectomy, no correlation can 
be made between the rate of regeneration and the DNA concentration. 
From Table I it can be seen that both increases and decreases were ob- 
served, during, before, and after the 14 to 33 day period when growth was 
rapid. 

Nucleotides, Pentose Phosphate, Lactic Acid, and Glycogen Analyses—The 
samples of regenerated livers were chosen for these analyses so as to include 
animals in which growth had not yet begun, those in which it was occurring 
rapidly, and those in which it was essentially complete. In all thirteen 
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animals were studied, three between } to 1 day after partial hepatectomy, 
before growth had begun and with no significant increase in PNA concen- 
tration; seven animals between 13 and 4 days when growth was rapid and 
with increases in PNA concentration ranging from 26 to 62 per cent, 


TaBLe I 
Changes in Desoxypentosenucleic Acid in Regenerated Liver 

















oa No. of animals Per cent change in DNA 
3-1 4 —10, —15, —4, —2 
1}- 33 18 +37, +380, —21, —24, +2, —2, +15, +7, —16, +4, 
+108, +27, +2, +12, +23, +28, +10, +10 
4-23 16 +15, —30, +29, —4, +10, —2, +21, +45, +9, +7, 
| +29, —14, +6, +19, —3, +34 
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DAYS AFTER PARTIAL HEPATECTOMY 
Fia. 3. Analyses of selected samples of regenerated liver for adenosine triphos- 


phate (ATP), adenosine diphosphate (ADP), adenylic acid (AMP), glycogen, lactic 
acid, and free pentose phosphate. 


and three animals between 5 and 19 days, after growth had slowed and 
with no significant increase in PNA concentration. 

Fig. 3 gives the results of these analyses. All quantities are indicated 
in micromoles per 100 gm. of wet tissue. The first column shows the an- 
alyses of the pooled control livers. Narrower columns are used when two 
animals of the same postoperative age were analyzed. 
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The most significant features of these data are (1) the uniform lactic acid 
levels, whether the livers were rapidly growing or not, from 200 to 300 mi- 
cromoles per cent, and (2) the absence of any significant differences between 
the rapidly growing and relatively non-growing livers in the total nucleo- 
tide concentration as well as the balance among adenosine triphosphate, 
adenosine diphosphate, and adenylic acid. 

The variation in concentration of free pentose phosphate is similar to 
what one finds among control animals (14). The same is true of glycogen, 
with the exception of the animals killed a half day after partial hepatec- 
tomy. These livers contained very little glycogen, none at all of the ex- 
tractable form and almost none of the non-extractable form. 

Enzyme Systems—To ascertain whether the frozen livers, samples. of 
which had been used for the chemical analyses, could be profitably used for 


TABLE II 


Effect of Freezing on Enzyme Activities 











| 

| Qogitesd | Qoytroen | Decrease 
ie se ee ar | mnie per cent 
IIIS re hoe fi ey vec hb wees wee 75.3 | 37.8 50 
Malic dehydrogemase....................... 103.6 | 86.0 17 
Cytochrome reductase...................... 126.3 | 82.4 35 

; | mg. per 100 gm. | mg. ee 100 gm. 

Pentosenucleic acid......................60- | 824 
Desoxypentosenucleic acid................. | 2 ie 





these enzyme studies, an experiment was performed on the effect of freezing 
the liver in liquid air and thawing it, before preparing the homogenate. 
The results are given in Table II. The nucleic acid assay of the homoge- 
nates prepared from the fresh and frozen liver is included, for it serves as a 
check on the equality of tissue concentration in the two homogenates. The 
succinoxidase activity is reduced by 50 per cent, and the cytochrome reduc- 
tase by 35 per cent. The reduction noted in malic dehydrogenase activity 
may be simply the result of lowering the cytochrome reductase activity to 
the point where it no longer is present in excess, as it needs to be when 
assaying for malic dehydrogenase (12). This is indicated by the essentially 
equal Qo, values for the activities of both enzyme systems. Similarly, in 
all but one of the nine pairs of frozen original and regenerated livers assayed, 
the activities of both enzymes were reduced and equal. For some reason, 
the cellular structure of this one liver resisted alteration by freezing and 
thawing, with the result that the cytochrome reductase activity was not 


reduced. Here the malic dehydrogenase showed its full normal activity. 
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TABLE III 
Enzyme Activity of Regenerated Liver 
Time of regeneration 
“45 brs. ok 15 hrs, | 23 hrs. | 23 hrs. | 48 hrs. | 48 hrs. | 48 hrs. | 48 hrs. 
| (a) 71.2 | 72.5! 70.9] 72.6] 71.5| 73.0] 72.9] 71.9 
| (b) 68.8 | 74.8] 71.7 | 73.5] 74.3] 75.8] 72.0} 72.5 
ae Ps Sere ’ MB PERS 
(a) 2.96 | 2.87) 2.53) 3.03} 2.89) 3.58) 3.63) 3.49 
(b) 2.37} 2.77; 3.14) 4.30] 4.33] 4.40) 3.89} 4.02 
| | | 
i 7 a = a | pie 
—20 —4 |424 |4+42 [+50 [+19 | +7 |+13 
| 
aoe arama ic aa > ——— ai |— 
(a) 1.01} 1.10) 0.79) 1.00} 0.83} 1.07! 1.13 1.17 
(b) 0.75} 0.97} 0.73) 0.87; 0.74; 0.84) 0.77; 0.90 
Pebees ge OE MEY po 
-% |-12 |-s |-18 |-1 |-22 |j-a 2 
— . - hs — -_—-— — _ = — 

(a) 76.1 | 71.8) 83.8 | 81.0] 78.4] 86.0| 64.7| 75.5 
(b) 52.3 | 49.8!) 64.2] 64.5] 66.4] 76.6| 61.1/ 70.8 
—31 |-31 |-2 |-20 |-15 |< | -6 | =6 
es Nee Poe = a Rarer 
(a) 103.4 | 103.6; 85.6] 97.0| 97.7] 95.1) 79.7| 84.7 
(b) 63.6 72.4) 65.0| 76.9} 72.5 68.2) 50.5 58.1 
-39 |~30 |-o8 |—ar [-# [-98 er ee 
(a) 182.5 | 137.1 | 112.4 | 111.3 | 97.2 | 102.1 | 97.6 | 95.4 
(b) 76.1 | 85.0 | 80.9} 81.5] 75.3] 80.3) 53.1) 61.4 
~43 |~s |-9 |-2 |-2 -—a@ a eae 

| 
oes See ee ee 
(a) | 12.5} 15.0] 18.6] 20.4 18.5 | 19.9 
(b) 10.9 18.7; 11.8} 10.9] 17.0] 17.6; 15.1] 18.8 
| 
—|——|—-_|—— R; 
|-6 |-27 |-9 |-14 |-18 | -6 
regenerated. 


(a) original; (b) 


Potter® has observed that freezing reduces the activity of the oxalacetic 
oxidase system effectively to zero. 
No differences were found between the enzyme activities of the original 
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and regenerated livers in the series of frozen livers, except for the succinoxi- 
dase activities in two animals. In both, the animals had been sacrificed 
before growth of the liver had begun and before the PNA concentration had 
increased. One showed a fall in succinoxidase Qo, from 22.4 in the original 
liver to 3.4 in the 13 hour regenerated liver. In the other, the 24 hour 
regenerated liver showed a fall in succinoxidase Qo, from 28.1 to 6.6. 
Whether any significance was to be attached to this decrease could be de- 
termined only by assays of fresh tissue. 

In the second series of experiments, the livers, original and regenerated, 
were dropped into ice-cold isotonic KCI‘ as soon as they were removed from 
the animals, and shortly thereafter homogenized. Two homogenates of 
each liver were prepared, one with isotonic KCl‘ for the oxalacetic oxidase 
assay, the other with distilled water for the assays of the other three en- 
zymes. Samples of the livers were also taken for determination of water 
content. 

Table III gives the results, together with those of the nucleic acid deter- 
minations. 

In these animals, liver regeneration, as estimated by the weight of the 
regenerated organ, was more rapid than in the animals of the first series. 
This may account for the somewhat larger PNA increases observed in the 
24 hour regenerated livers. It may also explain the low PNA increases 
found in two of the four 48 hour regenerated livers; in these two animals, the 
rate of regeneration may already have fallen off. In these animals, too, 
the concentrations of nucleic acid in the original livers were higher than 
most of those in the first series of animals. 

The activities of all four enzyme systems were lower in the regenerated 
liver than in the original livers. This was true even in the 15 hour livers 
which did not yet show PNA increases. There was some indication that 
the activities may be lower at this time than later, when regeneration is 
very rapid. This is also suggested by the low succinoxidase activities of 
the two frozen regenerated livers which we described earlier. The indica- 
tion of a return to normal values for succinoxidase Qo,, seen by the values 
in the 48 hour regenerated livers, is supported by unpublished observations 
made earlier by one of us (V. R. P.) in which reductions in succinoxidase 
Qo, at 24 hours were followed by a return to normal values at 3 and 4 days. 


DISCUSSION 


Our study differs from those of other investigators in that we have com- 
pared the regenerated liver with the control liver of the same animal. This 
procedure provides us with only two points on the time curve for the process 


* The KCl was made slightly alkaline (pH 7.7 to 8.1) by the addition of 8 cc. of 
0.04 m KHCO, per liter. 
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of liver restoration in the individual, and it is only by examining the data as 
a whole that the correlation between the period of rapid growth and the 
increase in PNA concentration is apparent. Furthermore the composite 
data indicate a lag phase in the growth as well as in the PNA increase. 
Thus the individual variations encountered may well be the result of a 
variable lag phase in the individual rats, with the maximum rate of regenera- 
tion occurring at different points on the time curve. Thus by determining 
the per cent increase in PNA by analyzing both the original and regenerated 
liver we may have an index of the rate of growth for the individual at the 
time the animal was killed. 

On the other hand, the data indicate that the rapid growth of liver, fol- 
lowing partial hepatectomy, does not involve an appreciable change in the 
levels of lactic acid, adenosine triphosphate, adenosine diphosphate, ad- 
enylic acid, and free pentose phosphate. However, important biochemical 
changes take place in the liver cells before active growth begins and before 
the PNA content rises. The activities of all four of the oxidative enzyme 
systems we have studied drop markedly, at least when measured in vitro. 
It is at present not possible to say whether these enzymatic changes are 
related to the morphological changes which occur in the liver cells at this 
time, such as the deposition of fat droplets in the cytoplasm.® 

In contrast to the findings with PNA, the DNA changes were not corre- 
lated with the rateof growth; nor havewe attempted to correlate the differ- 
ences in different animals with the histological and cytological picture of 
the particular liver samples. 

Our data, while establishing that the PNA concentration does increase 
during growth of the liver, fail to throw much light on the mechanism link- 
ing the two. The increase in PNA concentration can account, at least in 
part, for the marked increase in P*? uptake which Brues et al. (15, 16) ob- 
served in the ribonucleic acid fraction of regenerating liver. It can also 
explain the increased ultraviolet absorption at 260 mu, observed by Stowell 
(17) in the cytoplasm of regenerating liver cells. Our observations that the 
nucleotide concentration does not rise during regeneration indicates that 
this increased absorption is, in fact, due to nucleic acid. Finally, the in- 
creased PNA content during liver regeneration accounts for the increased 
staining with pyronin noted by Brachet (18). 

Davidson and Waymouth (19) reported that the PNA was not signifi- 
cantly increased in samples of regenerating liver, while the acid-soluble 
nucleotides showed increases. Whether the differences between their data 
and ours are due to differences in analytic method (see Schneider (20)) or 


5 Large numbers of fat droplets are visible in homogenates of livers of this post- 
operative age. 
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to the fact that we used samples of the original liver for controls cannot be 
decided at this time. 


SUMMARY 
1. During the time of most rapid growth of regenerating liver, the con 
centration of pentosenucleic acid: increases. 
2. The desoxypentosenucleic acid content does not change in a consistent 
fashion during liver regeneration. 
3. No significant changes occur during liver regeneration in the content 
of lactic acid, adenosine triphosphate, adenosine diphosphate, adenylic 
acid, and free pentose phosphate. ( 
4. Following partial hepatectomy there is 2 marked decrease in activities 
of succinoxidase, malic dehydrogenase, cytochrome reductase, and oxalace- I 
tic oxidase systems, as tested in vitro. i 
t 
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CHANGES IN NUCLEIC ACID CONCENTRATION DURING 
THE DEVELOPMENT OF THE CHICK EMBRYO 
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Many investigators have been concerned with the changes in nucleic acid 
concentration which occur during embryonic development (see Needham 
(1) for a review of the older work, and Needham (2) and Brachet (3) for 
reviews of the more recent literature). However, they have had to rely upon 
indirect and largely inadequate means of estimating the concentrations of 
these substances, such as the pentose content, purine nitrogen relative to 
total nitrogen, individual purine and pyrimidine bases, or residual phos- 
phorus following acid extraction. Recently, more reliable methods of 
analyses for the nucleic acids have become available (4, 5). 

In this paper we are presenting quantitative data for pentosenucleic acid 
(PNA) and desoxypentosenucleic acid (DNA), from the 2nd through the 
20th day of development. They will show that the concentration of these 
acids is highest at about the 15th day, rising te. this peak during the period 
of most active protein metabolism in the embryo. They will also show that 
during the period when the embryo is said to be richest in growth-promot- 
ing substances it has the highest levels of nucleic acids. 


EXPERIMENTAL 


ges of pure bred single comb white Leghorn hens were incubated under 
constant conditions of temperature (37-38°) and humidity for lengths of 
time varying from 32 hours to 20 days.!. The embryos were removed from 
the yolk, dropped into ice-cold physiological saline, dissected free from all 
extraembryonic tissue, touched to damp filter paper to remove most of the 
saline, and dropped into liquid air. All these manipulations were made 
rapidly, in a refrigerated room. The embryos were stored at —20° until 
analyzed. 

The frozen embryos were powdered in a steel cylinder, chilled with 
liquid air, and then loosely homogenized in trichloroacetic acid (6). They 


* Fellow in Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council. Present address, Biology 
Department, Brooklyn College, Brooklyn, New York. 

1 We are indebted to Professor W. W. Cravens and the Poultry Department, Uni- 
versity of Wisconsin, for generously supplying and incubating the many eggs which 
these experiments required. 
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were analyzed for PNA and DNA by the method of Schneider (4). The 
quantities of trichloroacetic acid used in the extractions of acid-soluble con- 
stituents and of nucleic acids were adjusted in order to keep the proportion 
of acid to tissue approximately the same in all cases. 

Fig. 1 shows the concentrations of PNA and DNA, in micrograms per 
embryo, plotted against the days of incubation of the egg. The portion of 
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Fig. 1. Changes in the pentosenucleic acid (PNA) concentration, desoxypentose- 
nucleic acid (DNA) concentration, and weight of the chick embryo from the 2nd to 
the 20th day of incubation. 


the curve for the first 9 days is enlarged in Fig.2. The PNA concentration 
per embryo increases some 16,000 times and DNA some 30,000 from the 
end of the Ist day (32 hours) to the 20th day of incubation. Not much 
significance can, however, be attached to these increases for, as can be seen 
from the figures, the weight of the embryo has increased in roughly the same 
manner. 

Fig. 3 shows the concentration of PNA and DNA, in mg. per 100 gm. of 
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dry tissue, plotted against days of incubation. The DNA concentration 
roughly doubles between the 2nd and 15th days, from approximately 100 
to 200 mg. per cent, and then falls sharply, so that it is back to the original 
value by the 20th day. The PNA data for the first few days suggest a fall 
from about 350 mg. per cent on the 2nd day to less than 200 mg. per cent 
on the 5th day. From the 5th to the 14th day, the PNA concentration 
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DAYS OF INCUBATION 


Fig. 2. Portion of Fig. 1 extending from the 2nd to the 9th day of incubation; 
enlarged. 


rises sharply, so that it approximately doubles in that time, from 200 to 
400 mg. per cent. It then declines sharply and is back to 200 mg. per cent 
by the 20th day. 

We performed a number of experiments to determine whether the weight 
of the inert feathers could account for the fall in nucleic acid content, per 
unit of embryo weight, after the 14th to the 15th day. We removed the 
skin and feathers from 12 and 14 day embryos, and the feathers alone from 
16 day embryos. The values obtained for PNA and DNA were not appre- 
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ciably different from those obtained with feathered embryos. Further- 
more, the weight of the feathers, even on the 19th day, is not large enough, 
in relation to total embryo weight, to lower the DNA and PNA values very 
much. We made no attempt to evaluate the influence of other inert strue- 
tures, such as bones, which are enlarging rapidly at this time. 

Such analyses of the whole organism must obviously obscure important 
changes which occur in individual organs. Yet it is probably significant 
that the period when both PNA and DNA concentrations are rising is the 








oe 7 

g 70 

= — 

= m ge ae 

Ww 60 . ag eee a, 

S , ss 

& Ned . 

Qa 50 J 
400) ~ 

de 

S 

© 300 

= 

S 

x 

© 200 

ly 

~ 

S 

> 

= 100 











U2 s 5 7 9 il 13 5 17 ig 
DAYS OF INCUBATION 


Fig. 3. Changes in pentosenucleic acid (PNA) and desoxypentosenucleic acid 
(DNA) concentrations during the development of the chick embryo. Top curve, 
changes in protein concentration, from data of Needham (1). Dry weight basis. 


period when protein metabolism plays its important part in the develop- 
ment of the embryo. 

Needham (1) has assembled a great deal of data to indicate an ontogenetic 
succession of carbohydrate, protein, and fat as the chief sources of material 
both for embryonic architecture and for catabolic fuel. In Fig. 3, top curve, 
we have plotted the data Needham gives for the protein content of the 
embryo, in mg. per cent dry weight. Its general similarity to the PNA 
curve is striking.? When the data for carbohydrates and fats are similarly 

* In plotting this same data, Needham subtracted the feather proteins so that the 
protein content of the embryo dropped off sharply after the 11th day. However, if 


we consider the curve to indicate protein synthesis by the embryo, there seems to be 
no reason for excluding the feather proteins. 
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plotted, they show no resemblance whatever to the nucleic acid changes; 
the carbohydrate content is high at the start and falls to a low level by the 
8th day and the fat increases slowly from the start and more quickly after 
the 15th day. 

Although fat is the chief energy source for the chick embryo, Needham 
(1) showed that carbohydrate and protein were the energy sources of the 
arly stages of development. Determination of the nitrogenous waste 
products showed a sharp rise in the protein combustion by the embryo, per 
unit weight, per day, from the 6th to the 8th or 9th day, and then a gradual 
fallto the 15th day. Thus, the 6th to the 15th day would appear to be the 
time when protein catabolism occurs in the embryo. Needham points out 
that a given weight of embryo catabolizes six or seven times as much pro- 
tein on the 8th day of development as it does on the 4th or the 16th day. 

The finding that the content of nucleic acid, especially PNA, rises only 
during the period of embryonic development when protein metabolism is 
most conspicuous is in harmony with the current view that PNA is related 
to protein synthesis. But it gives no information concerning the causal 
relation between the two. 

Needham (1, 2) has discussed the work demonstrating that certain pe- 
riods of development are better than others for extracting from the chick 
embryo the growth-promoting substances stimulating the growth of cells 
in tissue culture. In view of suggestions that this growth-promoting ca- 
pacity of chick embryo extract may be associated with pentosenucleopro- 
teins (7-9), it is interesting that the period of maximal growth-promoting 
power of the embryo cells lies between the 11th and 17th days. This is the 
period when the PNA concentration is highest, between 300 and 400 mg. 
per cent. 

SUMMARY 


1. The pentosenucleic acid and desoxypentosenucleic acid contents of 
chick embryos have been determined, from the 2nd to the 20th day of 
development. 

2. The DNA concentration, when expressed in mg. per cent of wet tissue, 
rises from the 2nd to the 15th day, and then falls sharply. The PNA falls 
from « high level on the 2nd day to a low one on the 5th; it then rises toa 
maximum on the 14th day and falls off sharply. 

3. The relations of these changes in nucleic acid concentration to (1) the 
period of protein metabolism in the embryo and (2) the optimum period for 
extracting growth-promoting substances are discussed. 
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PHOSPHORYLATING GLYCOLYSIS IN THE EARLY CHICK 
EMBRYO* 


By ALEX B. NOVIKOFF,+t VAN R. POTTER, anv G. A. LEPAGE 


(From the McArdle Memorial Laboratory, Medical School, University 
of Wisconsin, Madison) 
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From an extensive series of experiments with whole embryos and with 
tissue mince, Needham and his coworkers (1-7) concluded that in the early 
chick embryo the phosphorylation route of glycolysis, the Meyerhof-Emb- 
den cycle, is imperfectly established. Because glycogen generally failed 
to be converted to lactic acid, they argued that the enzyme esterifying 
glycogen was absent or insufficient. Since they could demonstrate no 
breakdown of hexose diphosphate beyond triose phosphate, they maintained 
that the “dismutase” forming phosphoglycerate and lactate from triose 
phosphate and pyruvate was similarly lacking or insufficient. Though 
extracts of chick embryo were strongly positive with the glucose dehydro- 
genase and growth rate tests with Bacillus influenzae, they gave negative 
results with the malic dehydrogenase system. The authors therefore con- , 
cluded that coenzyme I, essential for the operation of the Meyerhof-Emb- 
den cycle, was absent from the chick embryo. Their study of the phos- 
phorus compounds in trichloroacetic acid extracts of the embryo revealed 
between 5 and 7 mg. per cent of adenyl pyrophosphate phosphorus. This 
quantity the authors presumably considered insufficient for the phos- 
phorylation pathway in glycolysis, since they listed as the fourth defi- 
ciency in this pathway the lack of adenyl pyrophosphate. 

In 1940, Meyerhof and Perdigon (8) succeeded in preparing extracts of 
early chick embryos which would readily glycolyze hexose diphosphate, in 
the presence of added coenzyme I. The ability of these extracts to form 
lactic acid from hexose diphosphate and pyruvate demonstrates the presence 
of the triose phosphate dehydrogenase which Needham considered lacking. 
In view of Needham’s emphasis on the importance of cell structure for the 
presumed non-phosphorylating glycolysis mechanism but not for the phos- 
phorylating one, it is interesting to note how Meyerhof and Perdigon 
extracted the embryos. To obtain actively glycolyzing extracts, they had 

* This work was supported in part by a grant from the American Cancer Society 


on the recommendation of the Committee on Growth of the National Research 
Council. 

+ Fellow in Cancer Research of the American Cancer Society, sponsored by the 
Committee on Growth of the National Research Council. Present address, Biology 
Department, Brooklyn College, Brooklyn, New York. 
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to freeze the embryos twice, the first time before grinding with sand, and. 
again after adding water or saline to the ground tissue. 

Meyerhof and Perdigon also succeeded in demonstrating the presence of 
coenzyme I, using the fermentation rate of dried yeast as the method of 
assay. Comparing the COz production by the yeast apoenzyme after the 
addition of boiled water extract of embryo with that produced when known 
quantities of coenzyme I were added, they calculated that the embryo, from 
the 4th to the 9th day of development, contained about 1.5 to 3 mg. per 
gm. of dry tissue. 

In this paper, we are presenting data which strengthen the view that 
phosphorylating glycolysis does occur in the early chick embryo. The data 
come from two sources: (1) chemical analyses of embryos for the known 
intermediates in the Meyerhof-Embden cycle and for related compounds, 
and (2) the behavior of homogenates of chick embryo, fresh and frozen, 
towards glucose, hexose diphosphate, glucose-6-phosphate, and fructose-6- 
phosphate, in properly fortified glycolytic systems. 


EXPERIMENTAL 


The eggs used in these experiments came from pure bred flocks of single 
comb white Leghorn hens, kept at the University of Wisconsin poultry 
farms. They were incubated under constant conditions of temperature 
(37-38°) and humidity. 

Chemical Analyses—The embryos were removed from the yolks, dropped 
into ice-cold physiological saline, dissected free from all extraembryonic 
tissue, touched to damp filter paper to remove most of the saline, and 
dropped into liquid air. All these manipulations were made rapidly (in a 
minute or less) in a refrigerated room. The frozen embryos were stored at 
—20° until analyzed. The number of embryos used was varied so that 1.5 
to 2.0 gm. were available for analysis. Even a single 10 day embryo was 
too large for analysis, so that it was divided into two aliquots and each 
separately analyzed. 

The methods of LePage and Umbreit (9) were used to powder the frozen 
embryos, extract them with trichloroacetic acid, and separate the barium- 
insoluble fraction and barium-soluble, alcohol-precipitable fractions. 
Aliquots of the original trichloroacetic acid extract were taken for the 
determination of ‘‘true”’ inorganie phosphorus, phosphopyruvie acid, total 
phosphorus, and lactic acid. Aliquots of the barium-insoluble fraction 
were used to measure fructose, inorganic phosphorus, easily hydrolyzable 
phosphorus (7 minutes in 1 N HCl at 100°), phosphorus resistant to acid 

1 We are indebted to Professor W. W. Cravens and the Poultry Department for 


generously supplying and incubating the many eggs which these experiments con- 
sumed. 
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hydrolysis (3 hours in 1 N HCl at 100°), pentose, and adenosine. Aliquots 
of the barium-soluble, alecohol-precipitable fraction were used to determine 
fructose, coenzyme, reducing sugar, reducing sugar after 7 minute hydrolysis 
in 1 N HCl, phosphocreatine, “true” inorganic phosphorus, easily hydrolyz- 
able phosphorus, alkali-labile phosphorus (20 minutes in 1 Nn KOH at room 
temperature), phosphopyruvic acid, total phosphorus, pentose, and adeno- 
sine. The tissue residue was analyzed either for glycogen or for nucleic 
acids (10). ‘Che nucleic acid data are included in another publication (11). 
All manipulations up to the time aliquots were taken were made either in 
the refrigerated room or in containers surrounded by ice. The determina- 
tions of ‘true’? inorganic phosphorus, easily hydrolyzable phosphorus, 
alkali-labile phosphorus, phosphopyruvie acid, and phosphocreatine were 
made first, as soon as the fractions containing them were separated. 

The methods of determination, with the exceptions to be noted, are those 
described by LePage and Umbreit (9), sealed down to an even more “‘micro”’ 
level. After they were found to give the same values as the methods 
described (9), the method of Lowry and Lopez (12) was used for “true”’ 
inorganic phosphorus, and the ultraviolet absorption at 260 mu (13) was 
used to determine adenosine. Both barium-insoluble and barium-soluble, 
alcohol-precipitable fractions showed absorption maxima at 260 my. The 
absorption at 340 my by the reduced form was used to determine coenzyme 
(14) in addition to the nicotinic acid assay described (9). 

From the data thus obtained, the concentrations of the following com- 
pounds in the original embryos were calculated: glycogen, glucose-1-phos- 
phate, glucose-6-phosphate, fructose-6-phosphate, hexose diphosphate, 
triose phosphates, phosphoglyceric acids, phosphopyruvie acid, lactic acid, 
adenosine triphosphate, adenosine diphosphate, adenylic acid, phospho- 
creatine, free pentose phosphate, coenzyme, inorganic phosphorus, and 
total acid-soluble phosphorus. 

Since neither the nicotinic acid nor spectrophotometric assays for 
coenzyme distinguishes between diphosphopyridine nucleotide (DPN) 
and triphosphopyridine nucleotide (TPN), concentrated extracts of 7, 8, 
and 9 day embryos were tested for DPN in the malic dehydrogenase system 
(Potter (15)). The barium-soluble fraction of about 25 gm. of frozen 
embryos was prepared and then precipitated with 95 per cent ethanol. 
The material which did not dissolve in water when brought to pH 5 by 
glacial acetic acid was centrifuged and discarded. The coenzyme was pre- 
cipitated by adding an excess of silver nitrate to the supernatant, in the 
presence of 1 volume of ethanol. The silver was removed from the pre- 
cipitate with hydrogen sulfide and the barium from the filtrate with dilute 
sulfurie acid. The volume of the extract was brought to 5 to 6 ml. and 
the pH to 7.4. 
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The activity of the extracts was determined by measuring the oxygen 
consumption in the conventional Warburg flasks containing 0.027 m sodium 
phosphate buffer, pH 7.4, 0.01 m nicotinamide, 0.05 m sodium malate, 0.05 
m sodium glutamate, 4 X 10-' m cytochrome c, and 10 mg. of liver (as 109 
per cent homogenate in distilled water). DPN is required for oxygen 
uptake (15). 

Glycolytic Activity of Homogenates—The system used to test the glycolytic 
activity of embryo homogenates was one suggested by the recent work on 
brain homogenates by Utter et al. (16, 17) and Racker and Krimsky (18, 
19). It is a system in which we have been able unequivocally to demon- 
strate the glycolysis of glucose, hexose diphosphate, and hexose monophos- 
phates by tumor homogenates (20). 

We employed 85 to 170 mg. of tissue (wet weight) per Warburg flask, in a 
total volume of 3.0 ml. The contents of the flasks in all cases included the 
following basic mixture, with final concentrations as indicated: 0.0033 
MgCh, 0.01 m NH,PO,, pH 7.6; 0.05 m KCI-KHCO;;? 0.0005 m potassium 
pyruvate, freshly prepared ;? and distilled water to bring the volume to 3.0 
ml. The following, when used, had the indicated final molarity: adenosine 
triphosphate (ATP), prepared from rabbit muscle (22), 0.00067 m; hexose 
diphosphate (HDP), prepared by the method of Neuberg et al. (23), 0.008 to 
0.001 m; glucose-6-phosphate, synthetically prepared (24)! or separated 
from a hexose monophosphate mixture by differential hydrolysis (25), 
0.004 m; fructose-6-phosphate, prepared by the method of Neuberg et al. 
(23), 0.004 m; glucose, 0.028 m, DPN, prepared from yeast (14), 0.00033 m; 
and nicotinamide, 0.04.m. All ingredients were added to the main chamber 
of the flask, except for DPN, and, in some experiments, ATP, which were 
placed in the side arm. The pyruvate and MgCl, additions were delayed 
until just prior to adding the homogenate. Before these three ingredients 
were added, the flasks were surrounded with cracked ice. 

The homogenates were prepared in an all-glass homogenizer (26) from 
embryos removed as described earlier, and used fresh or after freezing in 
liquid air. In some experiments, the homogenate of fresh embryos was 
divided into two portions, one assayed immediately and the other frozen 
in liquid air and later thawed and assayed. Both water and isotonic KCI 
homogenates were used. 

The flasks were gassed for 13 minutes with either a 95 per cent N»-5 per 


? The combined KHCO;-KCI solution was prepared by slowly adding an equal 
volume of 1 Nn HCl to 1 m K:CO;, and then equilibrating with 5 per cent COs. 

* We found, as reported by Needham et al. (2) and Elliott and Henry (21), that 
pyruvate eliminated a slight lag in the initial rate of glycolysis. 


‘We are grateful to Dr. H. A. Lardy for a gift of some synthetic glucose-6-phos- 
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cent COz mixture or a 95 per cent O2-5 per cent COz mixture. The pH of 
the medium was 7.5 to 7.6 at the end of this period. 

The CO. output was measured in the Warburg apparatus to determine 
the rate of acid production during glycolysis. A few chemical analyses for 
lactic acid were also performed by the method of Barker and Summerson 
(27). 





TABLE I 
Analyses of Chick Embryos 
The values are expressed in micromoles per 100 gm. 


—— 









































Age, days | 3 st | St | 8 8 | 10 | 

| No. of embryos analyzed | 67 10 10 2 2 1 a 

| Net weight per embryo, gm. | 0.032 | 0.198 | 0.183 | 1.539 | 1.486] 3.334 

| Glycogen (as glucose) 98| 61] 122 | 81-28,450 
Glucose-1-phosphate 167 | 156 | 144} 202) 199 170 42-175 
Glucose-6-phosphate 193 | 188 190 | 195 | 286) 307 | 185-423 
Fructose-6-phosphate 12) 12 | 13 | 8 8 8 17-53 
Hexose diphosphate | 2 | 2 | 2 | 2 | 1 4) 417 
Triose phosphates 291 | 297) 291 29; 131 86 

| Phosphoglyceric acids 87 | 130| 91| 244] 68/| 258! 98-209 

| Phosphopyruvic acid 79| 7% | 82 | 18 | 17; 35 | 41t 
Lactic acid | 366} 382) 416} 250] 300} 280| 141-578 
Adenosine triphosphate | 98 54, 76 | 6 | 72 | 8-542 

" diphosphate 2 6 1; 42; 23 67 | 27-330 

Adenylic acid 124 143] 134) 149| 165, 96] 144-329 
Phosphocreatine 48; 63, 44) 59] 110; 37) 116-1630 
Pentose phosphate / O}; 15] 8| 18; O 6 | 22-72 
Coenzyme (as DPN) | 4; 4) 6) 6] 4) 6 1085 
Acid-soluble phosphorus | 1725 | 1930 | 2010 | 1900 | 1780 | 2290 | 2390-5070 
Inorganic phosphorus | 268 | 284 | 416| 346 | 348| 800] 417-748 
Organic phosphorus 1457 | 1646 | 1594 | 1554 | 1432 , 1490 | 1895-4322 

phosphate accounted 0; 7 @ 741 75 92 65-81 

| for, % | 





* From LePage (28). 
+ Calculated from data for liver in LePage and Umbreit (9). 


Results 


Chemical Analyses—The results of the chemical analyses are presented 
in Table I, which also includes the values obtained by LePage (28) for five 
differentiated rat tissues, brain, muscle, liver, kidney, and heart. All 
values are given in micromoles per 100 gm. of wet tissue. 
| All of the concentrated extracts of 7, 8, or 9 day embryos tested gave 

positive results for DPN activity in the malic dehydrogenase system. The 
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concentration of DPN in the extracts was estimated by comparing the 
Qo, obtained, when a given amount was added, with the Qo, obtained with 
known amounts of DPN. Up toa concentration of about 120 y of DPN, 
there is a linear relation between Qo, and DPN concentration. 

Thus, in one experiment, 0.6 ml. of extract was used in one flask, 1.2 
ml. in a second, and 0.6 ml. together with 50 7 of DPN in another. They 
gave DPN values, as read from the, Qo,-concentration curve, of 43, 55, 
and 44 y per ml., respectively. These values (average of 47 y per ml.) 
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Fic. 1. Glycolysis by 8 day chick embryos homogenized in isotonic KCl, frozen, 
thawed, and tested in nitrogen and in oxygen, with homogenate equivalent to 125 
mg. wet weight of embryo. The reaction mixture in the ‘‘complete’’ system included 
glucose, ATP, DPN, and the basic mixture as given in the text, plus HDP at 0.004 m. 


were higher than that obtained for the same extract when tested spectro- 
photometrically (14) for coenzyme, both DPN and TPN, 31 y per ml. 

When malate was omitted from the system, no appreciable oxygen con- 
sumption could be measured, whether DPN, up to 100 y, or embryo ex- 
tract was present or absent. 

Glycolytic Activity of Homogenates—The results obtained with various 
types of homogenates of pooled chick embryos are shown in Figs. | to 6. 
Fig. 1 shows the data obtained with KCl homogenates of 8 day embryos 
that had been frozen and thawed before homogenization. We did not pre- 
pare an extract, but used the whole homogenate (cf. Meyerhof and Perdigon 
(8)). It was tested in a reaction mixture that included all of the known 
factors that might be required for glycolysis, and with various omissions, 
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in oxygen and in nitrogen. The data show that the complete system gly- 
ecolyzes HDP at a rapid rate that is maintained for 3 hours or more. Nico- 
tinamide is not required to preserve the glycolysis and is actually slightly 
inhibitory, in marked contrast to the results obtained with tumor (20). 
Omission of ATP produced a lowered rate of glycolysis but there was still 
considerable activity. However, omission of DPN or HDP resulted in an 


- almost complete loss of activity. The system thus requires DPN and HDP 


and, in the absence of HDP, glucose cannot be glycolyzed. However, in 
the presence of small amounts of HDP, insufficient to maintain the rate 
of glycolysis alone, glucose can be glycolyzed nearly as well as HDP, pro- 
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Fig. 2. Glyecolysis by 8 day chick embryo homogenates in the presence of 0.001 mu 
HDP with and without glucose. Other reactants and homogenate as in Fig. 1. 


vided the gas phase is nitrogen; in oxygen, the rate was much lower and the 
CO, output soon ceased altogether (Fig. 2). This inhibitory effect of oxy- 
gen was present but much less noticeable in the systems that included high 
levels of HDP (Fig. 1), and it is therefore unlikely that the oxygen effect 
was due to oxygen uptake. Furthermore this possibility was tested by 
measuring the oxygen uptake of the complete system without bicarbonate, 
in air, with and without 4 X 10-5 mM cytochrome c. The oxygen uptake 
was very low in each case, and amounted to only 6.3 and 5.3 e.mm. of 
Os per 100 mg. of embryo in 20 minutes. 

Water homogenates are compared with KCl homogenates in Fig. 3, 
in the complete system and with glucose or HDP omitted. In these 
systems the two types of homogenates gave almost identical results. The 











246 GLYCOLYSIS IN CHICK EMBRYO 


slight inhibition with nicotinamide and the complete loss of activity when 
HDP is omitted are here shown with water homogenates, and are compa- 
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Fic. 3. Glycolysis with homogenates of 7 day chick embryos, 100 mg. wet weight 
per flask. KCl homogenates compared with water homogenates after freezing and 
thawing. The complete system included 0.008 mo HDP, glucose, nicotinamide, DPN, 
and ATP. Oxygen in gas phase. 
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Fic. 4. Glycolysis with KC] homogenates of 7 day chick embryos,100 mg. per flask. 
Fresh homogenates compared with frozen homogenates. Complete system as in 
Fig. 3 but with 0.004 wm HDP and with nicotinamide omitted. Oxygen in gas phase. 


rable to the results with KCl homogenates in Fig. 1. In addition, the KCl 
homogenate was tested with the DPN addition doubled. The slight 
increase in activity suggests that the lower level is probably adequate. 
That freezing the homogenate is unnecessary for obtaining maximum 
rates of glycolysis in the complete system is shown in Fig. 4,in which identical 
results were obtained with fresh and frozen KCl homogenates, when all of 
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the reaction components were present. Differences appeared, however, 
when glucose or HDP were omitted. When glucose was the substrate, 
the fresh homogenate was superior to the frozen homogenate, and when 
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Fic. 5. Glycolysis obtained with fresh KCl homogenate of 7 day chick embryos in 
nitrogen. Complete system includes 0.004 1 HDP, glucose, DPN, and ATP, but no 
nicotinamide. F6P represents fructose-6-phosphate 0.004 mr. Solid lines represent 
170 mg. wet weight of embryo, and broken lines represent 85 mg. wet weight. 
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Fic. 6. Glycolysis obtained with same homogenate as in Fig. 5 but frozen and 
thawed, and with 114 mg. wet weight of embryo per flask. Nitrogen in gas phase; 


HDP at 0.001 mu; glucose at 0.028 mM; F6P represents fructose-6-phosphate 0.004 m; 


G6P represents glucose-6-phosphate 0.004 mu. All the flasks contained ATP, DPN, 
and the basic mixture but no nicotinamide. 


HDP was the substrate, the situation was reversed. These results may be 
explainable in terms of the differences in accessibility of the enzymes in the 
two homogenates and differences in diffusibility between glucose and HDP. 

Figs. 5 and 6 show glycolysis by fresh and frozen homogenates in nitro- 


gen, with various substrates. In Fig. 5 glucose is shown to be glycolyzed 


in the presence of 0.004 m HDP and in Fig. 6 in the presence of 0.001 m 
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HDP. The increased CO, production obtained with glucose-6-phosphate 
and fructose-6-phosphate is also shown in Fig. 6. With the monophos- 
phates at this critical concentration, the rate is not maintained and falls 
off as in the case of 0.004 m HDP without glucose (Figs. 1 to 5). Glucose 
at 0.028 M maintains the glycolytic rate better than the monophosphates 
at 0.004 m when the ‘“‘priming”’ level of HDP is present, but is not glyco- 
lyzed to any significant extent in the absence of HDP. These observa- 
tions may be explained in terms of the Embden-Meyerhof mechanism by 
assuming that glucose must be phosphorylated to be glycolyzed. 

Further experiments with the monophosphates showed an oxygen effect 
similar to that obtained with glucose and 0.001 m HDP, as shown in Fig. 2. 
This effect was also studied in the case of tumor homogenates and is re- 
ported in greater detail elsewhere (20). 


TABLE II 


Lactic Acid Analyses 


Lactic acid per flask 


Calculated from : 
CO2 output Found 


e * 
Complete system (HDP, glucose, ATP, 2215 2865 
DPN, nicotinamide) 
Minus nicotinamide 2605 | 3090 
‘< ~HpP S81 1255 
‘© glucose 660 838 


‘¢ HDP and nicotinamide i384 1640 


In only two experiments did we encounter responses different from those 
described in Figs. 1 to 6. Both were with fresh homogenate and in both 
the oxygen mixture was used. In the first a 5 day embryo homogenate 
gave a sizeable CO, output without any HDP, 76 ¢.mm. per 100 mg. per 80 
minutes, and this was only slightly increased by the addition of HDP. 
In the other case, with a homogenate of 7 day embryos, the CO» output 
was slightly larger with glucose alone (165 ¢.mm. per 165 mg. per 200 
minutes) than with 0.002 m HDP (120¢.mm.). When HDP and glucose were 
present together, the CO. output was much greater than the individual 
ones combined (450 e.mm.). Furthermore, in this second case, the omis- 
sion of DPN or ATP had little or no effect, whether the substrate was 
HDP, glucose, or both. These results are probably related to the findings 
in Fig. 4, and are a reflection of the degree of “‘intactness”’ of the enzyme 
systems in the fresh homogenate. 

Table II shows the results of chemical analyses for lactic acid for five 
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e | of the flasks in this second atypical experiment. A comparison with the 

- amount of lactic acid expected, from the measured COz output, plus that 

8 estimated as having occurred before the zero reading and the lactic acid 

e | present in the 165 mg. of tissue, shows that the chemical analyses consist- 

S ently gave higher values. 

: DISCUSSION 

y The results described point to the conclusion that the typical phosphory- 
lating system of glycolysis exists and functions in the early chick embryo. 

“f The phosphorylated intermediates known to take part in the Meyerhof- 

2. Embden cycle have been found in 3 to 10 day embryos, with concentrations 


i roughly the same as those found in mature tissues when analyzed in the 
same fashion; 7.e., following freezing in liquid air. Stumpf (29) has re- 
cently reported the presence of six of these intermediates in 6 to 10 day 
chick embryos. 

Homogenates of 5 to 8 day embryos have been shown to glycolyze hexose 
diphosphate, fructose-6-phosphate, and glucose-6-phosphate, in addition 
to glucose, with the requirements of the glycolyzing system those which 
would be expected if the Meyerhof-Embden cycle were operative; 7.e., 
DPN is essential, HDP but not glucose is essential, ATP is stimulating. 
The activity of the homogenates, with only 125 mg. per flask, is as high as 

| any shown by Needham and coworkers with very much more tissue, usu- 
, ally 2.0 ml. of undiluted embryo tissue mince. 

These results do not disprove the existence of the non-phosphorylating 
glucolytic pathway postulated by Needham. But there is little, if any- 
thing, in them which would indicate its existence. The only possible ex- 
ceptions are the two experiments in which homogenates of fresh embryos 





— failed to show the typical HDP requirement for glucose glycolysis, and in 
th | one of which neither DPN nor ATP omission had any appreciable effect. 
ate It might be maintained that our failure to find evidence for the non-phos- 
80 phorylating mechanism is due to our disruption of the cell strueture which 
DP. Needham and his colleagues claimed to be required for this mechanism. 
put Yet their only evidence for the contention that cell structure is required 
200 appears to be their inability to prepare extracts capable of glucolysis. 
ee On the other hand, some of the analytical results we have presented 
ual further weaken the evidence which led to the postulation of the non- 
_ phosphorylating pathway. We have confirmed Meyerhof and Perdigon’s 
ies finding (8) that DPN is present in the chick embryo by using the same me- 
ngs thod of assay which Needham and Lehmann (4) found to give negative 
hone results, the malic dehydrogenase system. We have found amounts of 
j ATP and adenylic acid similar to those found in mature tissues where the 
ive 


Meyerhof-Embden cycle is generally considered to operate, despite the 


Sia 
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fact that the dry matter of embryo is one-third or one-fourth that in the 
mature tissues.5 Our demonstration of sizeable quantities of both phos- 
phoglyceric and phosphopyruvic acids indicates that the enzyme needed 
for the conversion of triose phosphate to phosphoglycerate is not only 
present, as shown by the manometric data of Meyerhof and Perdigon (8) 
and those here reported, but active in the living embryo. It may be 
significant that the two embryos (8 and 10 day) with the lowest values for 
triose phosphate have the highest amounts of phosphoglyceric acids. Need- 
ham ((30) p. 612) has argued, from the marked inhibition of glucolysis by 
pL-glyceraldehyde, that hexose diphosphate cannot be normally involved 
in glucolysis because triose phosphate forming from it would remove the 
pi-glyceraldehyde and limit its inhibition. Yet, our analyses demonstrate 
an unusually high concentration of triose phosphate in the embryo, with 
some indication, perhaps, of a higher concentration in the 3 to 5 day than 
in the 8 to 10 day embryos. 


Thus we are led to the same conclusion which Dorfman (31) reached 


after reviewing the glycolysis literature through 1942; though it does not rule 
out the possibility of a non-phosphorylating route of glycolysis, the available 
evidence does not make necessary postulating the existence of such a route. 

A few other aspects of the data can only briefly he commented upon. 

Oxygen has been shown to be markedly inhibitory to the glycolvsis of 
embryo homogenates. Yet, in the same system, with only bicarbonate 
missing, embryo homogenate has an exceedingly small oxygen uptake. 
This would indicate that, for the chick embryo homozenates, the Meyerhof 
explanation of the Pasteur effect does not apply. Needham ef al. (2) 
reached this same conclusion from studies of the rate of oxidative disap- 
pearance of lactic acid. The relatively smaller inhibitory effect of oxygen 
when HDP is being glycolyzed than when glucose is (Figs. 1 and 2) might be 
taken to indicate a point of action of the oxygen between glucose and HDP 
in the Meyerhof-Embden cycle, as suggested by Engelhardt and Sakov (32). 

From the fact that nicotinamide is unnecessary to preserve the DPN 
activity, it would appear that DPNase is not active in our preparations. 
This is difficult to reconcile with the finding of Meyerhof and Perdigon 
(8) that chick embryo extract rapidly destroyed DPN. We made no at- 
tempt to ascertain whether the apparent discrepancy in results stems from 
the difference in methods of preparing the tissue. 

We have not tried to account for the consistently higher lactic acid 
values obtained by chemical analysis than the manometric data would 
indicate. Ochoa (33) found a similar discrepancy in his experiments with 
brain extracts. In his work, corrections of the manometric data were made 


6 Our values for ATP agree quite well with those given by Needham et al. (2) in 
terms of easily hydrolyzable phosphorus. 
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for acid changes due to formation or breakdown of hexosephosphoric esters, 
but not for CO. retention by the system. We have made neither correction. 
In view of the very close parallel between the chemical and manometric 
data, it seemed safe to use CO, liberation as a true measure of glycolysis. 


SUMMARY 


1. Chemical analyses of 3 to 10 day chick embryos reveal the presence of 
glycogen, glucose-1-phosphate, glucose-6-phosphate, fructose-6-phosphate, 
hexose diphosphate, triose phosphate, phosphoglyceric acid, phospho- 
pyruvic acid, lactic acid, adenosine triphosphate, adenosine diphosphate, 
adenylic acid, phosphocreatine, free pentose phosphate, and coenzyme. 

2. Assay of embryo extract in the malic dehydrogenase system shows 
the presence of DPN. 

3. Homogenates of 5 to 8 day embryos have been shown to glycolyze 
hexose diphosphate, fructose-6-phosphate, glucose-6-phosphate, and glu- 
cose. The requirements for the glycolytic system are indicated. 

4. The bearing of these data on the existence of phosphorylating and non- 
phosphorylating pathways of glycolysis in the chick embryo is discussed. 
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STUDIES ON THE MECHANISM OF THE THROMBOPLASTIC 
EFFECT* 
By ERWIN CHARGAFF 
(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 
(Received for publication, November 14, 1947) 

The important réle in the activation of prothrombin played by a group 
of macromolecular cytoplasmic lipoproteins, the thromboplastic proteins, 
has been emphasized in several publications from this laboratory (1-4). 
The mechanism by which the thromboplastic effect is exerted has, how- 
ever, remained completely unknown. This is largely due to the difficulty 
of studying reactions in which the formation of a catalyst is catalyzed, 
especially when, as is the case in blood clotting, some of the agents and sub- 
strates are represented by giant molecules which produce and undergo 
minute chemical changes. 

A beginning should, however, be made by lifting some of the reactions 
involved out of the sphere of indirect demonstration. This paper presents 
evidence that the thromboplastic protein is not consumed in the course of 
the activation of prothrombin and also includes experiments on the prep- 
aration of disintegration fragments of this lipoprotein retaining consider- 
able thromboplastic activity and attempts to follow the course of the reac- 
tion by spectroscopic observations. 


EXPERIMENTAL 
Material and Assay Method 


The preparation of the thromboplastic protein of beef lung was described 
previously (5, 6). The specimen used in the course of the present study 
contained N 7.0, P 1.5. In some of the experiments, which will be indicated 
below, the freshly prepared solution of this substance before its recovery in 
the dry state was employed. The preparation was entirely free of pro- 
thrombin and thrombin. 

The dry preparation of fibrinogen from human plasma which was used in 
one set of experiments was obtained through the courtesy of Dr. J. T. Edsall 
of Harvard University. ‘This preparation was made from blood collected 
by the American Red Cross under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and 
Development and Harvard University. 


* This work was supported by a grant from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 
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We are indebted to Dr. W. H. Seegers of Wayne University for a purified 
sample of cattle prothrombin (2000 units per mg. of N). 

The assay method which made use of human plasma, centrifuged at a 
very high speed, has been described in a previous publication (2). 


Ultraviolet Absorption Spectrum of Thromboplastic Protein 


The thromboplastic protein of beef lung was caused to sediment by cen- 
trifugation at 31,000g, following purification in several centrifugal cycles 
(6), and the pellets were taken up in 0.1 m borate buffer of pH 8.3. The 
solution was once more subjected to centrifugation at 5000g for 30 minutes, 
Analysis of aliquots of the supernatant showed the presence of 4.28 mg. of 
the thromboplastic protein per ce. of solution. For the spectroscopic ob- 
servations in a Beckman photoelectric quartz spectrophotometer the freshly 
prepared solution was diluted 1:100 with borate buffer. The absorption 
spectrum is reproduced in Fig. 1. When the solution was allowed to stand, 
even at 4°, the maximum at 227 my gradually disappeared, with the 
development of a continuously increasing end-absorption; the plateau be- 
tween 270 and 260 my however, persisted. Indications were obtained that 
this spectral change on storage was caused by the gradual aggregation of 
the protein in solution, since the original spectrum could sometimes be 
restored by the centrifugation of such, solutions at 50009. 

The total lipides isolated from a portion of the thromboplastic protein, 
when examined in chloroform solution, exhibited an absorption spectrum 
which, in the region between 300 and 250 my, resembled that given by the 
intact protein. They showed a slight maximum at 275 my (specific ex- 
tinction k = 0.76) and a minimum at 263 my (k = 0.72). For another 
lipide preparation the k values at the same wave-lengths were 0.69 and 0.66 
respectively. The treatment of the lipide solution with 0.1 m sodium bisul- 
fite produced no change in the spectrum. The aqueous solution of the 
bases recovered from an acid hydrolysate of the lipide preparation ex- 
hibited no selective absorption in the ultraviolet. 


Fate of Thromboplastic Protein Following Prothrombin Activation 


Recovery Experiments—In preliminary experiments, as described pre- 
viously (6), it was found that about 1 y of thromboplastice protein was re- 
quired for the complete activation of 15 y of the prothrombin sample within 
20 minutes at 30°. 

To a solution of 80 mg. of prothrombin in 5 ee. of borate buffer contain- 
ing 150 mg. of calcium nitrate (pH 7.7) 1 ce. of about 0.4 per cent solution 
of the thromboplastice protein in borate buffer of pH 8 was added. A con- 
trol experiment, in which prothrombin was omitted, was carried out through 
all operations. The mixture was kept at room temperature for 1 hour ina 
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closed lusteroid tube and then subjected to centrifugation at 31,000g for 90 

minutes. The supernatant proved, of course, extremely rich in thrombin. 

The translucent pellet was dispersed in 8 ec. of borate buffer of pH 8 and 

the solution again centrifuged at 31,000g for 90 minutes. This procedure 
k 


| 


al 
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my 300 280 260 240 220 


Fig. 1. Ultraviolet absorption of thromboplastic protein of beef lung in 0.1 M 


borate buffer of pH 8.3 (0.0428 gm. per liter). k, the specific extinction, = Fed, 
where E = log Iy/I;¢ = concentration in gm. per liter; d = thickness of absorbing 


layer in em. 


was repeated once more.'! The solution of the sediment was dialyzed for 
24 hours against running tap water and for 48 hours against ice-cold dis- 
tilled water. The protein, recovered by the evaporation of the water from 
the frozen solution in vacuo, weighed 2.9 mg. (Fraction Tp-P). The cor- 
responding fraction (Tp-C), recovered in the control experiment, weighed 
3.0 mg. 


1 The adequacy of the washing was controlled by thrombin tests. 
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These fractions were assayed for thromboplastic activity as shown in 
Table I. The results were surprising: the thromboplastic protein fraction 
recovered after the activation of prothrombin had not only retained its 
activity; it actually was more potent. 

Spectroscopic Observattons—In the course of the recovery study presented 
in the preceding paragraphs sampies were removed from both the prothrom- 
bin and the control experiments at various stages of the purification of the 
thromboplastic protein and examined spectroscopically. No essential 
change in the shape of the spectrum reproduced in Fig. 1 was observed. 


TABLE I 


Activity of Thromboplastic Protein before and afier Activation of Prothrombin 

The experiments were carried out at 37° by mixing 0.1 ce. of plasma with 0.1 
cc. of the saline suspensions of the thromboplastie protein and 0.2 ec. of a 0.01 w 
Ca(NQs3)2 solution (containing 0.4 per cent of NaCl). Tp represents the preparations 
used for the experiments, Tp-P the fraction recovered after the activation of pro- 
thrombin, Tp-C the fraction recovered in the control experiment. 




















Preparation par em in C es saad 

Plasma 1 | Plasma 2 

7 sec. |. sec. 

Tp 100 63 | 71 

10 85 | 90 

1 128 | 132 

Tp-P 100 18* 20 

10 70 | 52 

1 | 111 | 78 

Tp-C 100 77 | 90 

10 130 | 145 

1 188 222 





* The virtual absence of thrombin from this preparation is demonstrated by the 
fact that, when Ca** was.omitted, a slow deposition of fibers started only after 360 
seconds. 


The center of absorption at 227 mu had become obliterated in all samples, 
but this, as was pointed out before, also took place with untreated stored 
solutions. The significance of one other observation cannot yet be deter- 
mined: although the concentrations were kept as nearly identical as possible 
in both experiments, the samples recovered after the activation of prothrom- 
bin exhibited consistently higher extinction values (30 to 70 per cent at dif- 
ferent stages of the experiment) than did the control samples. 

Another type of experiment is exemplified in Fig. 2. The spectra (in the 
region of 300 to 240 my) of the thromboplastic protein (Curve I) and of the 
prothrombin? (Curve II) were compared with the spectrum given by a mix- 


? Ultraviolet absorption spectra of more highly purified prothrombin have been 
published by Seegers et al. (7). 
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ture of these components (Curve III) which, since calcium ion was present 
in all solutions, corresponded essentially to thrombin. If the extinction 
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Fic. 2. Ultraviolet absorption of mixtures of thromboplastie protein and prothrom- 
bin. All experiments were carried out in 1 em. cells in 0.1 m borate buffer of pH 
8.3 containing 900 y of Ca(NO;)> per ce. Curve I, 40 y of thromboplastie protein 
per ce.; Curve II, 300 y of prothrombin per ce.; Curve III, 40 y of thromboplastic 
protein and 300 y of prothrombin per ec. The mixtures were kept at room tempera- 
ture for 30 minutes before spectroscopy. The solid dots indicate the differences in 
the extinction values plotted as Curves I and III. 


values for Curve I are subtracted from those of Curve ILI, 2.e. if allowance 
is made for the unchanged properties of the thromboplastic protein during 
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activation, a new curve can be constructed (likewise indicated in Fig, 2) 
which in all essentials corresponds to Curve II, the spectrum of the pro- 
thrombin solution. This experiment, therefore, likewise failed to reveal a 
spectral change during activation. It should be emphasized that these 
observations, because of the contamination of the prothrombin employed 
with other plasma globulins, have only qualitative validity. 


Influence of Fibrin Formation on Activity of Thromboplastic Protein 


This experiment was designed to test the fate of the thromboplastic pro- 
tein in the course of the coagulation of fibrinogen. 60 ec. of the fresh 0.43 
per cent solution of the thromboplastic protein in borate buffer of pH 8.3 
were mixed with 15 ec. of a solution of the human fibrinogen powder con- 
taining a total of 210 mg. of fibrinogen. 65 cc. of this mixture (containing 
about 224 mg. of the thromboplastic protein, 182 mg. of fibrinogen) were 
centrifuged for 30 minutes at 5000g. The supernatant was subjected to 
centrifugation at 31,000g for 90 minutes and this was repeated with the 
suspension of the sediment in 65 ec. of borate buffer of pH 8.3. (At this 
stage the supernatant failed to show the presence of fibrinogen when tested 
with thrombin.) To the suspension of the pellets in 30 ec. of borate of pH 
8.3 a solution of 10 mg. of thrombin’ in 5 ce. of the same buffer was added 
and the mixture was kept for 30 minutes at room temperature and for 15 
hours in the refrigerator. The thromboplastic protein was then again pre- 
cipitated by centrifugation at 31,000g for 90 minutes. The pellets, which 
consisted of an elastic, difficultly dispersible material, were washed with 
borate buffer under the same centrifugal conditions, resuspended, dialyzed 
against running and ice-cold distilled water, and recovered by evaporation 
of the frozen solution in a vacuum. J/'racltion Tp-F, 89.5 mg. of a white 
felt, contained N 7.6, P 1.5. When assayed for thromboplastic activity, as 
described in Table I, the clotting times (in seconds) for two plasma samples 
were as follows: 100 y, 30, 30; 10 y, 50, 59; 1 y, 84, 91. 


Effect on Thromboplastic Protein of Strong Sodium Chloride, Guanidine 
Hydrochloride, and Sodium Desoxycholate 


In these experiments, which are presented in detail in Table I1, 0.2 per 
cent dispersions of the dry thromboplastic protein preparation in m sodium 
chloride, 5 m guanidine hydrochloride, and 0.012 m sodium desoxycholate 
were stored for 24 hours in the refrigerator. The mixtures were centrifuged 
for 90 minutes at 31,0009 and the pellets suspended in borate buffer of pH 
7.7. These suspensions and the supernatants were dialyzed for 68 hours 


8 We are indebted to Dr. D. W. MacCorquodale of the Abbott Laboratories, North 
Chicago, Illinois, for this preparation. 
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against running tap water, for 72 hours against ice-cold distilled water, and 
then concentrated in a vacuum in the frozen state. 

The various fractions were assayed for thromboplastic activity. In most 
instances their lipide contents and the composition of the lipide-free residues 
were also determined by a procedure previously described (3) (see Table 


II). 


TABLE II 


Disintegration of Thromboplastic Protein by Various Agents 





| | Lipide-free residue 


— — - } ——$$_—_—____— 
| 


Disintegration products 
































| N P 
. | Pro- |—— wa | 
ec} € Thrombo- | 
- Agent tion of i a plastic | | 
§ Distribution | start- tion of tion of} 2ctivity® | | N P 
£| | ing start- | start- | 
‘ | mate- | ing ing | 
2. | rial | mate- mate- } 
% | . : 
3) | | rial | rial 
beat ee SE PR, SE ost Meee PE et 
| per 
per |per| per |per| per |  ..- | cent of | per | per 
cent cent cent \cent| cent ' | original | cent | cent 
| | | | fraction 
1 None 100 7.0100 {1.5)100 | 71.90 48 |13.110.65 
2 | msodiumehlo- Sediment 80.3/7.1| 81.5]1.1) 58.9/112.148 | 43° |11.610.5 
. - - waa | et al we 
ride, pH. 6.5 | Supernatant | 9.3/7.1) 9.4/0.7) 4.3) 88.110 
+): 138 2 lo a} ee elt ol ee 7 i | ~ 
3 | 5M guanidine | Sediment 64.8)6.1) 56.5)1.3) 56.1) 85.114 | 34 |10.1)0.7 
hydrochlo- | Supernatant | 31 .2|8.7| 38.810.6 12.5) Inae- | 56 |. (0.4 
. | . | | 
ride, pH 6.9 r | PS i tive 
4 | 0.012 mMsodium | Sediment | 31.7)8.5) 38.5)0.7] 14.8 is dL 113.2/0.3 
desoxycho- | | | 
late, pH. 7.3 Supernatant | 67.6/4.9) 47.3)1.0) 45.1) 70.91 37 10.7}0.6 





* Clotting times observed with 100 y and 10 y respectively of the test substances 
in the arrangement deseribed in Table I. 


DISCUSSION 


The possible effects of the thromboplastic protein can be reduced to the 
following propositions: (@) it catalyzes the activation of prothrombin with- 
out itself entering into the reaction (8); (b) it (or one of its components) 
combines with the prothrombin to produce thrombin (9); (c) it removes a 
portion of the prothrombin (perhaps a thrombin inhibitor) and thereby re- 
leases the active thrombin (10). The first statement implies an essentially 
enzymatic function, and this has been expressed in the often used term 
thrombokinase. The second choice involves the consumption of the throm- 
boplastie protein in the course of a stoichiometric reaction. The same is 
true of the third possibility listed, unless the removal of the inhibitor is 
postulated as an enzymatic reaction, in which case propositions (a) and (¢) 
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become identical. Among the studies supporting the non-enzymatic char- 
acter of the thromboplastic agent that of Mertz et al. (11) should be men- 
tioned. 

Some of the experiments presented in this paper, however, lend strong 
support to the conception of the enzymatic nature of the tissue factor, 
They were based on the fortunate fact that the thromboplastic protein, 
because of its centrifugal characteristics, can be isolated from the reaction 
mixture by centrifugation at high speed following its action on prothrombin, 
The recovered thromboplastic protein had not lost its activity; it had, in 
fact (and this cannot yet be explained) somewhat increased in potency.‘ 
If the conditions under which the experiments showing a proportionality 
between the amount of thrombin produced from a prothrombin excess and 
the amount of thromboplastin present were conducted (11) are compa- 
rable to the experimental arrangement reported here, it may be concluded 
that the catalytic activation of prothrombin takes place under equilibrium 
conditions in which an excess of substrate (prothrombin) is inhibiting. 
This would serve to classify the thromboplastic effect as a reaction with 
explosive tendencies proceeding via branched chains (12). The spectro- 
scopic evidence submitted here, although not contributing to a deeper in- 
sight into the reaction mechanism, also favors the view that the thrombo- 
plastic protein remains unchanged during the reaction. 

When the coagulation of fibrinogen takes place under physiological con- 
ditions, the thromboplastic agent which acted as the initiator presumably 
still is present. It was, therefore, of interest to ascertain whether the 
thromboplastic protein, caused to sediment from a fibrinogen solution and 
then treated with thrombin, in order to coagulate whatever fibrinogen had 
been adsorbed, was inactivated or had retained full activity. ‘The latter 
has now been found to be the case. 

The experiments on the distintegration of the thromboplastic protein by 
various chemical agents require some comment. Since this lipoprotein is 
perhaps the only representative of this group whose biological activity can 
be followed with ease, the study of the chemical alterations to which it can 
be subjected without complete inactivation may be of more general in- 
structiveness. Ina recent study from this laboratory (2) it has been shown 
that practically the entire thromboplastic activity of aqueous lung extracts 
was confined to one fraction sedimentable at a high centrifugal speed. 
Even when the partial disintegration of the lipoprotein was brought about 


‘It could be argued that even if the reaction between the thromboplastic protein 
and prothrombin were non-enzymatic any unused portion of the thromboplastic agen 
would be expected to be recoverable by centrifugation. But this is made extremely 
unlikely by the results of the control experiment and the parallel spectroscopic 
observations. 
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by freezing in the presence of ether, whatever activity remained went into 
the sediment (6, 13). 

The effects obtained with strong sodium chloride and with two agents 
known to denature proteins, viz. guanidine and sodium desoxycholate, may 
be summarized as follows: They all attack the thromboplastic protein, the 
first effect shown by all agents being the detachment of some phosphory- 
lated compounds in such a manner as to render them dialyzable. As will 
be seen in Table II, after treatment with m NaCl about 91 per cent of the 
nitrogen of the starting material was recovered, but only 63 per cent of the 
phosphorus; the corresponding figures for guanidine were 95 and 69 per 
cent, for sodium desoxycholate 86 and 56 per cent. Otherwise, as might 
have been expected, strong sodium chloride was the least effective of the 
agents studied. (uanidine cleaved the thromboplastic protein, rendering 
about one-third non-sedimentable and inactive; the sedimentable part re- 
tained activity. Sodium desoxycholate had the most interesting effect: 
it detached about two-thirds of the protein in a non-sedimentable form re- 
taining full thromboplastic activity. This is the first instance of this kind 
observed in our studies and may be of value for future work. 


The assistance of Mrs. Charlotte Green is gratefully acknowledged. 


SUMMARY 


The thromboplastie protein, following its reaction with prothrombin, can 
be recovered, by high speed centrifugation, with full activity. This finding 
lends strong support to the conception of the enzymatic nature of the throm- 
boplastic agent. 

The thromboplastic protein, when caused to sediment from a fibrinogen 
solution and treated with thrombin, retains full activity. 

Guanidine, sodium desoxycholate, and to a lesser degree strong sodium 
chloride, have a far reaching effect on this lipoprotein. Of particular in- 
terest is the action of sodium desoxycholate, with the aid of which it has for 
the first time been possible to separate a non-sedimentable disintegration 
fragment with considerable thromboplastic activity. 

The ultraviolet absorption spectrum of the thromboplastic protein is 
reported and spectroscopic observations and general remarks on the mech- 
anism of the thromboplastic effect are included. 
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ON THE INHIBITION OF THE THROMBOPLASTIC EFFECT* 


By ERWIN CHARGAFF ann CHARLOTTE GREEN 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, November 14, 1947) 


The search for inhibitors of the thromboplastic protein, apart from 
theoretical deductions to which it may lead, may also be of practical 
interest, if, as was recently shown to be probable (1), minute quantities of 
substances of this kind are present in circulating blood. An increased ex- 
cretion of the thromboplastic protein following cellular damage could be 
expected to lead to the formation of the thrombi. 

The inhibition of the thromboplastie effect involves the first phase of 
blood coagulation, the preparatory step in which prothrombin is activated 
to thrombin, but to decide whether a particular inhibitor acts on the throm- 
boplastic protein or on the prothrombin is extremely difficult. These con- 
siderations do not apply, of course, to agents, such as dicumarol, that pre- 
vent the production of prothrombin in vivo. 

This paper presents the results of a study of the action of a number of 
inorganic and organic compounds on the thromboplastic effect, examined in 
as simple a system as possible. The experimental arrangement was so 
designed as to permit the distinction between the inhibition of thrombin 
formation and that of thrombin action. The concentration of the inhibitor 
was the only variable, the amounts of thromboplastic protein, prothrombin, 
and fibrinogen (which all were employed as purified preparations) being 
kept constant. This voluntary limitation precluded the examination of 
the various factors known, or claimed, to occur in nature that are commonly 
designated, though by no means authenticated, by the prefix anti. The 
important anticoagulant heparin also was excluded for the present, since 
the required addition of the heparin complement would have complicated 
the experimental system. 

The action of metal salts on the coagulation of blood has been studied by 
several authors (e.g. (2-7)), but the experimental conditions under which 
the results were obtained are open to serious objections. In many instances 
no attention was paid to the hydrogen ion concentration of the clotting 
system; in almost all cases whole blood or plasma was used, which not only 


* This work was supported by a grant from the American Cancer Society on the 
recommendation of the Committee on Growth of the National Research Council. 

! A method similar to the one outlined in Table ITI of a recent publication (1) could 
conceivably serve as a basis for the estimation of circulating thromboplastie protein. 
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complicated the interpretation of the findings, because of potential reac- 
tions between the metals and other blood proteins, but also made difficult 
the differentiation between the inhibitions of the thromboplastic and of the 
thrombic effects, and in no case was the establishment of a standardized 
incubation time of the thromboplastic agent or the prothrombin with the 
inhibitor possible. 

The results obtained in the present study are summarized in Table I, 
It will be seen that of the metals inhibiting the first phase of coagulation 
only, z.e. the formation of thrombin, scandium, yttrium, and lanthanum 
were by far the most active.2 This is in harmony with the known anti- 
coagulant properties of rare earth salts, both in vivo and in vitro (2, 4-7) 


With the exception of scandium, of which little appears to be known (8, 9), , 


these tervalent cations seem, however, too toxic for practical application 
(9-13), though vitamin K has been reported to overcome the lowering by 
rare earth salts of the prothrombin level in animals (14). 

The effect of lanthanum acetate on the thromboplastic protein was 
studied in greater detail. This salt was found to bring about the floccula- 
tion of the protein, so as to render it precipitable in a much weaker centrif- 
ugal field than must be employed normally. This effect is probably due 
to the well known precipitating action of lanthanum salts on nucleic acids 
and nucleoproteins (15, 16). There appears, however, to be no connection 
with the anticoagulant properties discussed here, since the thromboplastic 
protein, following its precipitation by La, showed undiminished activity, 
The evidence, submitted in the experimental part (compare, e.g., Table II), 
favors, in fact, the assumption that the inhibition of the thromboplastic 
effect by rare earth salts derives from their reaction with prothrombin. 
It is possible, though not likely, that this has to do with the displacement 
of the calcium ions necessary for the formation of thrombin. 

The only non-metallic compound that showed a very appreciable inhibit- 
ing effect was sodium desoxycholate. The action of this substance on the 
thromboplastic protein has been discussed in the preceding publication 
(17). 


2 It must, however, be understood that, because of the varying degrees of basicity 
and hydrolysis, the quantitative evaluation of biological metal effects meets with 
great difficulties. 

* It should be mentioned that the formation of very insoluble nucleic acid salts 
does not only pertain, as would be expected, to other tervalent cations of the same 
group, such as scandium and yttrium, but also to the tervalent complex cation 
(Co(NH3).)***. There is, however, one important difference which might acquire 
interest: whereas the rare earths also precipitate nucleotides, the luteo salt hexam 
mine cobaltic chloride does not do so. 
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EXPERIMENTAL 
Material 


The fibrinogen used in these studies was prepared from human plasma in 
the Department of Physical Chemistry, Harvard Medical School, and 
placed at our disposal through the kindness of Dr. J. T. Edsall. It was ob- 
tained as a dry powder containing about 46 per cent of fibrinogen, 16 per 
cent of other plasma proteins, and 38 per cent of sodium citrate. Aqueous 
solutions of this powder were used in the experiments. 

The prothrombin used was prepared from beef plasma in the laboratories 
of Parke, Davis and Company, Detroit, and furnished to us by Dr. W. H. 


' Seegers, now of Wayne University. We wish to thank Dr. Seegers for this 


preparation which was obtained as a dry powder containing 2000 units per 
mg. of nitrogen. 

Two preparations of the thromboplastic protein of beef lung were employed 
in the present work. One has been referred to in the preceding paper (17); 
the other, similarly prepared, had a slightly higher activity and contained 
N 8.0, P 1.7 per cent. 

The various compounds tested for inhibitor action were commercial prep- 
arations with the exception of the following substances which were pre- 
pared in this laboratory. Scandium chloride, ScCl;, was made from scan- 
dium oxalate! (calculated for Se2C;O-5H2O, Se 20.3; found, Se 20.4) via the 
oxide Se2.O3. Yitrium acetate, Y(C2H302)3-4H2O, was prepared from the 


~ commercial oxide Y20; via the hydroxide Y(OH)3, which was precipitated 


with ammonia in the presence of ammonium tartrate in order to exclude 
the cerium earths (18). The luteo salt, hexammine cobalt chloride 
(Co(NH3)5)Cls, was prepared from CoCl: by oxidation with an ammoniacal 
silver chloride solution (19); the purpureo salt, chloropentammine cobalt 
chloride (Co(NHs3);Cl)Cle, was made from CoCO; by the method of Sérensen 
(20) (compare also (21)). The acetyl acetone complex of lanthanum, 
La(C;H7O2)3, was obtained from lanthanum nitrate (22, 23). 

The buffers used were veronal buffers (24) and 0.1 m acetate buffers with 
the pH values indicated in Tables I and II. 


Assay Methods 


Antithromboplastic Effect (Method A)—Mizture 1 contained 0.5 cc. of a 
0.04 per cent solution of the thromboplastic protein and 0.5 cc. of a 0.05 Mm 
solution of the inhibitor in buffer and was kept for 30 minutes at room 
temperature. Of those metal salts that proved inhibiting, serial dilutions 


‘We are greatly indebted to Dr. S. H. Hutner, Haskins Laboratories, New York, 
for this compound. 
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of the 0.05 m solution (0.005 m, etc.) were likewise tested. In Mizture 2 
0.1 cc. of a 0.1 per cent prothrombin solution in buffer, which was made ¢ 
mM with respect to calcium nitrate, was added to 0.1 ec. of Mixture 1, and 
the solution was kept for 20 minutes at room temperature. Mizture 4 
employed in the clotting tests carried out at 30°, was obtained by adding 
0.2 ce. of a 1.4 per cent® fibrinogen solution (pH 6.45) to 0.03 cc. of Mixture 
2. With0.05m inhibitor solutions, Mixture 1, therefore, contained in 1 ¢¢. 
200 y of the thromboplastic protein and 25 micromoles of the inhibitor: 
Mixture 2, 100 y of the thromboplastic protein, 500 y of prothrombin, 12.5 
micromoles of the inhibitor, and 3 micromoles of calcium. 

The solutions were all freshly prepared and never stored for more than a 
few hours at 0°. The control experiments, carried out each day with the 
omission of the inhibitor, gave clotting times of 15 to 20 seconds. 

Much attention was paid to the maintenance of a constant hydrogen ion 
concentration during the inhibition experiments. As will be seen in Table 
I, the pH values of the solutions of the metal salts as well as those of the 
inhibitor-thromboplastic protein mixtures (Mixture 1) have been recorded, 
In many cases the pH of Mixture 2, which never differed much from that of 
Mixture 1, and of Mixture 3, which was found to be around pH 6.2 to 6.4, 
was also determined. 

Antithrombic Effect (Method B)—A mixture of 0.1 ee. of a 0.1 per cent 
prothrombin s lution (6 mM with respect to calcium nitrate) and of 0.1 ee. 
of a 0.02 per cent solution of the thromboplastic protein was kept for 20 
minutes at room temperature. For the clotting tests (at 30°), 0.03 ce. 
of this solution was mixed with 0.03 ec. of the 0.05 m inhibitor solution, and 
0.2 ce. of a 1.4 per cent fibrinogen solution was added. The effects are 
described in Table I. 


Influence of Various Agents on Thromboplastic E {fect 


The following substances were without effect on the thromboplastic pro- 
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tein when tested in 0.05 m solution in veronal buffer by assay Method A: — 


sodium arsenite (pH 8.3), sodium cyanide, sodium fluoride, sodium azide, 
sodium iodate, sodium persulfate, iodine (in KI), hydroxylamine (pH 7.0 
to 7.4). 

The only substance that was found inhibiting, apart from the metal 
salts listed in Table I, was sodium desoxycholate. When tested in veronal 
buffer (pH 7.5) by Method A, the results were as follows: 0.05 m ++4, 
0.017 Mm ++, 0.006 mw +, 0.002 mM —. Noantithrombic effect was observed 
(Method B). 


6 This figure is based on the amount of coagulable fibrinogen present in the protein 
powder. 
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TaBLE I 
Inhibition of Thromboplastic Effect by Metals 




















ie — oot = 
Group zo iB tal 2 | Molarity ent solution 
No, in | Cation* Suffer 28 Heee3| g | used 
periodic | Sa Teena 2 |". 1 cai cee 
system m & ba SSS! 8 | 0.05 | 0.005 | 0.0005 | 0.0001 
| | & |e |< | mM : mM mM mM 
—_——_ ————— - ey -—_e__ 
1} Cut Acetate | 6.0 | 6.3 |A/+++/++4+/++4]| + 
B | & |} - | 
Ag - 6.26.2 |Al+++) Jt++]) ++] - 
Bl +) | 
II Znt ns 6.9 | 6.2 A lr++ | = a 
IB; — | 
Cat | Veronal | 7.0 | 7.0 | A |++4| | — 
iB; — 
Ill idle | Acetate | 6.6 | 6.5 |A Pettitte tate 
| IB | 
yr | Veronal | 5.9 | 5.8 | A +++ +++ ce 
Bi; — | | 
Lat} | Acetate 16.3 16.2 | Al+++ +++) — 
| B}- | | 
Nd+t++ ¥ 5.8 (6.0 |Aj+++ | a = 
| Bi — | 
TI+ ss 7.0 16.3 |A} — 
I\ yet+ = vatied |Al++4i444] = 
B)| + _ 
Pb : 6.6 | 6.6 | Aj+++ * 
B/ — 
Th : 6.7 | 6.6 A j+ +++); —- 
B t = = 
VI C1 ; 6.63 |6.4 | A \|+++ aoe 
+++ B 
Utt+ 5.9t 6.1 /A +4+4+)44+4144+4] - 
B = 
Vil Mn** Veronal | 6.6 | 6.6 /A — 
VIII Cot < 7.0 6.8 ~ j++4 = 
B 
(Co(NHs3)¢)** ” 17.2 |}6.9 |A| 4 - 
B 
(Co(NHs3);Cl 6.8 6.7 \ -§ 





* The metals of Group I were tested as the acetates, those of Groups VII sind V HI 
as the chlorides. Cd, Y, La, Pb were acetates; Zn, Se, Nd, Ce were chlorides; Th 
and Cr were nitrates. Th was tested as thellous formate, U as uranyl acetate. 

t See the experimental part for a deseription of the methods of assay. Inhibition 
is classified as follows: +++ no clot within 180 seconds; ++ clot between 120 and 
180 seconds; + clot between 60 and 120 seconds; + clot between 30 and 60 seconds; 
~— no inhibition (clotting time as in the control). 

t These solutions were not entirely stable and deposited a precipitate. 

§$ Because of the limited solubility of this complex, a 0.01 mM solution was employed. 
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Attempts at Reversal of Metal Inhibition 


Copper—A mixture of 1 ce. of a 0.1 m solution of cupric acetate and 1 ee. 
of a 0.08 per cent solution of the thromboplastic protein (acetate buffer, pH 
6.0) was kept at room temperature for 30 minutes. To 0.4 cc. aliquots of 
this solution 0.4 cc. portions of either acetate buffer, 0.1 m sodium cyanide, 
or 0.12 m sodium cyanide were added and each of the three mixtures was 
permitted to act on a 0.1 per cent prothrombin solution (in the presence of 
calcium), as described above. The copper effect was not annulled by 
NaCN;; the inhibition corresponded to +-+-+ (compare Table I). 

Silver—When 0.08 ce. of a 0.4 mM sodium chloride solution was added to 
0.8 cc. of a mixture of equal parts of 0.05 m silver acetate and 0.04 per cent 
thromboplastic protein (acetate buffer, pH 6.2), following incubation for 
30 minutes, the inhibition of thrombin formation was decreased from +++ 
to + (observed clotting times 64 and 69 seconds). 

Lanthanum—The inhibition of a 0.05 m lanthanum acetate solution (see 
Table I) was not reversed by the addition of 4 equivalents of acetylacetone 
to the inhibitor-thromboplastic protein mixture. Acetylacetone itself was 
without effect on the clotting time. The preformed lanthanum-acetyl- 
acetone complex, employed as a suspension in buffer, was found inhibiting, 

It should be mentioned that the usual +++ inhibition was observed 
when the thromboplastic protein, lanthanum acetate, prothrombin, and 
calcium nitrate were incubated together instead of in two steps, as is nor- 
mally done. 


Influence of Large Excesses of Clotting Agents on Lanthanum Inhibition 


The studies described so far were carried out with constant amounts of 
thromboplastic protein and prothrombin. It appeared of interest to study 
the influence of large excesses of these agents on the inhibitory effect of 
lanthanum acetate which was employed in a fixed, very low concentration. 
The results, given in Table IT, show that the inhibition could be only par- 
tially reversed by an excess of thromboplastic protein (Experiments 3 and 
4), but completely abolished by a large quantity of prothrombin (Experi- 
ment 5). 


Study of Lanthanum Effect 


A freshly made solution of the purified thromboplastic protein of beef 
lung (25) in borate buffer of pH 8.3 was subjected to centrifugation at 
31,000g for 2 hours and the pellets were taken up in 0.1 m acetate buffer of 
pH 6.3 to yield an approximately 0.35 per cent solution. One 15 ce. aliquot 
served as control. To another 15 cc. portion 5 cc. of a 0.05 m solution of 
lanthanum acetate in 0.1 mM acetate buffer (pH 6.3) were added, whereupon 
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an almost immediate fine precipitation occurred. Both mixtures were 
centrifuged for 30 minutes at 5000g. The supernatant from the control 
experiment was strongly opalescent,’ whereas that of the preparation 
treated with La was clear. 

The sediment obtained in the presence of lanthanum was washed at 
5000g with acetate buffer containing 0.1 per cent of lanthanum acetate and 
several times with distilled water. Its aqueous supension was frozen and 
evaporated in a vacuum, when 50.9 mg. of a colorless felt were obtained. 
It contained N 6.8, P 1.5 per cent; the lipide-free residue (compare (17)) 
amounted to 44 per cent of the total. The supernatant of this fraction, 
dialyzed and concentrated in the usual manner, yielded no weighable re- 
sidue. 


TABLE II 


Influence of Large Excesses of Clotting Agents on Lanthanum Inhibition 


Composition of inhibition mixture,* per cc. | 
' 


———} Clotting time 


Experiment No. : —_ 
Lanthanum 


Thrembopitc| tease | peameity| lee 
¥ micromole | Y micromoles | sec. 
I 100 0 | 500 3 | 16 
2 100 0.125 | 500 3 63 
3 200 0.125 | 500 3 50 
i 1000 0.125 500 3 29 
5 100 0.125 | 5000 3 12 


* Acetate buffer (0.1 m) served as the solvent; the pH of the experiments was 6.1. 
For the clotting time determinations, 0.2 ec. of a 1.4 per cent fibrinogen solution 
was added to 0.03 ec. of the inhibition mixtures, following their incubation for 30 
minutes at room temperature. 


The supernatant of the control experiment (with the omission of lan- 
thanum), on the other hand, yielded 34 mg. of unchanged thromboplastic 
protein containing N 7.0, P 1.4 per cent. 

The thromboplastic activities of both fractions, assayed as described in 
the preceding paper (17), were found very similar. The clotting times (in 
seconds) for decreasing amounts of the fraction precipitated by lanthanum 
were as follows: 100 y, 63; 10 y, 85; 1 y, 150. |The corresponding figures 
for the preparation recovered in the control experiment were as follows: 
100 y, 61; 10 y, 96; 1 y, 170. The fraction precipitated by La could still be 
inhibited by lanthanum acetate when tested in the regular manner. 


6 At pH 6.3 some thromboplastie protein sedimented at 5000g, probably because of 
aggregation. This has usually not been observed at higher pH values. 
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SUMMARY 


The inhibition of the thromboplastic effect has been studied. ‘The ter- 


valent cations scandium, yttrium, and lanthanum have been shown to be 
the most potent inhibitors. Sodium desoxycholate also had a very appre- 
ciable activity. The mechanism of the inhibition is discussed. 
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STEROIDS DERIVED FROM BILE ACIDS 


VI. AN IMPROVED SYNTHESIS OF METHYL 3,9-EPOXY-A"-CHOLENATE 
FROM DESOXYCHOLIC ACID* 


By BERNARD F. McKENZIE, VERNON R. MATTOX, LEWIS L. ENGEL, 
AND EDWARD C. KENDALL 


(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 
(Received for publication, November 22, 1947) 


A method has been described for the preparation of 3(a)-hydroxy-11- 
ketocholanic acid in which methyl 3 ,9-epoxy-A'!-cholenate is an essential 
intermediate (1). The steps from desoxycholic acid through the 12-ben- 
zoate and the A!!-cholenic acid are shown in the left column of Fig. 1. 

Two of the steps in this series of reactions are not satisfactory for large 
scale production. (1) The introduction of a double bond at Cu-Cy through 
pyrolysis of the 12-benzoate leaves much to be desired in respect to both the 
labor required and the yield. (2) Conversion of 3(a@)-hydroxy-11 , 12-dibro- 
mocholanic¢ acid to 3(a) ,12-dihydroxy-A®: ''-cholenie acid is readily accom- 
plished but the yield is poor. An improved method for the synthesis of 
methyl 3 ,9-epoxy-A!!-cholenate has now been found which eliminates both 
of these unsatisfactory steps. The procedure is outlined in the column on 
the right side of Fig. 1. 

Commercial desoxycholic acid was partially purified by thorough extrac- 
tion with boiling benzene! and subsequent crystallization from acetone- 
water, 4:1. It was then esterified at room temperature in methanol in the 
presence of 0.1 N hydrochloric acid and the ester was treated in benzene with 
benzoyl chloride and pyridine to obtain methyl 3-benzoyldesoxycholate. 

The 12-hydroxyl group of methyl 3-benzoyldesoxycholate was oxidized 
to a ketone with chromie acid in a mixture of chlorobenzene-acetic acid, 
4:1, to obtain methyl 3(a@) benzoxy-12-ketocholanate (I1).? 

The double bond was introduced into Ring C with selenium dioxide. 
Schwenk and Stahl (3) first observed that this reagent would form the 
A®!! compound from methyl 3(@)-acetoxy-12-ketocholanate. A detailed 
study in this laboratory of the dehydrogenation of methyl 3(a)-benzoxy-12- 
ketocholanate with selenium dioxide in chlorobenzene and acetie acid (4:1) 
as the solvent has been carried out. The influence of time and a small 

* This work was supported in part by a grant from the Research Corporation, 
New York. 

1 Extraction of fatty acid with benzene has been found effective and more con- 
venient than with xylene, which has been used by White (2) 


a). 


2 The roman numerals refer to the structural formulas in Fig. 1. 
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amount of hydrogen chloride on the yield of the unsaturated compound is 
shown in Table I. Refluxing for 24 hours without hydrogen chloride and 
for 72 hours with 0.0006 n hydrogen chloride gave respectively 67 and 84 per 
cent of 3(a)-hydroxy-12-keto-A*: '!'-cholenie acid. 

Seebeck and Reichstein (4) have shown that 3(a@)-hydroxy-12-keto-A®: "- 
cholenic acid does not depress the melting point of 3(a)-hydroxy-12-keto- 


TABLE | 
Physical Constants of Samples of 3(a)-Hydroxy-12-keto-49 '-cholenic Acid and [ster 
Prepared with Selenium Dioxide in Chlorobenzene-Acetic Acid (4:1) 
HCl in 


7 Hrs. sceticaca, M.p. Weight? | , “be | Yield | Percent) Per cont vield 
ce. *C. gm. per cent 
1A | 2% | 0 173.0-173.5 | 32.60 | 8,950! 84.0 | 76.0 | 63.9). 
IB | | | 168.5-169.5 | 2.10 | 7,600| 5.4 | 64.5 3.5(°" 
2A | | 173.5-174.5 | 25.00 | 9,350 | 64.4 | 79.5 | 51.2 
2B | 24 | 1.0 171.0-172.0 | 7.71 | 8,650] 19.8 | 73.5 | 14.6569 
2c | 169.0-170.5 | 1.87 | 7,840] 4.8 | 66.6 3.2 
3A | 48 0) 176.0-177.0 | 29.50 | 10,300 | 76.0 | 87.5 66.5|__ 
3B Ci | 176.0-177.0 | 4.50 | 10.230! 11.6 | 87.0 | 10.14 
4A | 48 | 1.0 176.0-176.5 | 35.30 | 10,750 | 90.9 | 91.4 | 83.1 
4B | | 173.0-174.0 | 0.50 | 9.050) 1.3 | 77.0 tor” 
5A | 48 | 2.0 176.0-177.0 | 26.21 | 10,430 | 67.5 | 88.7 | 60.0 
5B | | 175.0-176.0 | 6.70 | 9,700] 17.3 | 82.4 14.3 |- 
5C | 171.5-172.5 | 1.21 | 9,000] 3.1 | 76.5 2.4(°° 
5D | 168.0-169.5 | 0.95 | 8.070! 2.4 | 68.5 1.6 
6A | 72 | 1.0 | 177.0-178.0 | 23.37 | 11,020 | 60.0 | 93.6 | 56.1 
6B 176.0-177.0 | 8.38 | 10,780 | 21.6 | 91.5 19.7 
6C | 176.0-177.0 | 2.43 | 10,620| 6.2 | 90.4 5.6 84 
6D | | 164.0-168.0 0.79 9,940 | 2.0 | 84.5 1.7 
6E » 164.0-167.0 | 0.39 | 8,190} 1.0 | 69.6 0.7 
7t 180.0-180.5 11,770 | 
8t 119.5-120.0 | 11.980 


* 0.1 mole of methyl 3(a)-benzoxy-12-ketocholanate was used in each experiment 
The theoretical yield of the unsaturated acid is 38.8 gm. 
t Purified by crystallization of the sodium salt from normal sodium hydroxide. 
¢ Ester prepared from Sample 7. 


cholanic acid and that the melting point of a mixture of the methyl esters 
of these two acids is not depressed below that of the lower melting compo- 
nent. There is a relationship between the melting point and the extinction 
coefficient of mixtures of the two acids which is a rough indication of purity. 
A product with melting point of 175° contains approximately 80 per cent 
of the acid with double bond Cy-Cy:; a sample with a melting point of 172° 
would contain approximately 72 per cent of the A®: " derivative. 
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When the double bond is introduced at C>-Cu by dehydrogenation with 
selenium dioxide, the product contains selenium, which must be removed 


H 
9 
COOH 

——— anes 
g 
Cc 
0 
9 
Ys 





- Fie. 1. Original (left) and improved (right) methods of preparation of methyl 
n 3,9-epoxy-A!!-cholenate from desoxycholie acid. 


‘ to permit reduction of the carbonyl group in methyl 3(@)-hydroxy-12-keto- 
) | A "-cholenate (III) with hydrogen and platinum. To devise a satisfactory 
method for the removal of selenium required prolonged investigation. 
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After formation of the unsaturated keto compound with selenium dioxide. 
hydrolysis with alkali gave an aqueous solution of the sodium salt which 
was treated with zine dust, Raney’s alloy, copper citrate, hydrogen perox- 
ide, or other reagents, but no one of these attempts was successful. In an 
acetic acid solution refluxing with silver or copper acetate or treatment with 
activated carbon failed to remove selenium. Purification by separation of 
the sodium salt, which is but shghtly soluble in cold normal sodium hydrox- 
ide, is possible but the filtration is slow. 

It was eventually found, however, that, after separation of the greater 
part of the selenium by filtration, treatment of the chlorobenzene-acetic 
acid solution with a concentrated aqueous solution of chromic acid modified 
the selenium and decomposition products and resulted in removal of the 
selenium from the chlorobenzene phase.* The acetic acid, chromic acid, 
and chromium salts were washed out of the chlorobenzene with water, and 
after removal of the solvent the residue was hydrolyzed in methanol with 
alkali and the 3(a@)-hydroxy-12-keto-A’: ''-cholenic acid was precipitated 
from aqueous solution with dilute acetic acid. The bulk of the acid was 
crystallized from cold 80 per cent acetone and the last portions from anhy- 
drous acetone.‘ 

Conversion of the 12-ketone of methyl 3(a)-hydroxy-12-keto-A’: ''-cho- 
lenate to a hydroxyl group can be accomplished by reduction with aluminum 
isopropoxide in isopropyl! alcohol or with magnesium in methanol, but the 
most satisfactory method was found to be with hydrogen and Adams’ 
platinum catalyst. In a solution of ethanol-acetic acid, 1:1, reduction of 
the 12-ketone toa hydroxyl group was almost quantitative. Determination 
of absorption in ultraviolet light indicated the presence of less than 2 per 
cent of the unsaturated ketone.® 

A mixture of epimeric 12-hydroxy compounds was formed during the 

3 Chromic acid was used in the hope that small amounts of organic selenium com 
pounds would be oxidized and that this would facilitate their removal. For this 
purpose chromic acid proved to be effective but in addition a strong influence was 
exerted on the physical state of the selenium which was present in colloidal forn 
The concentrated aqueous solution of chromie acid not only caused the separation of 
two phases but also brought about oxidation of a small amount of material which 
separated in insoluble form. These effects apparently supplied an active surface for 
the adsorption of the selenium. Only traces of selenium remained in the chloroben 
zene phase. 

4 This unsaturated 12-keto acid has also been prepared from methyl 3(@)-acetoxy 
12-ketocholanate by bromination at C,, and subsequent dehydrobromination with 
either pyridine or collidine or with sodium ethylate, but the over-all vields were lowe: 
than that obtained with selenium dioxide (5-7). 

5 The catalytic hydrogenation of methyl 3(a)-hydroxy-12-keto-A® "'-cholenate 
will be discussed in Paper VIII. Formation of the 12-chloro and 12-methoxy com 
pounds will be discussed in Paper IX. 
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reduction but treatment with 1 n hydrogen chloride in 84 per cent methanol 
and 16 per cent water gave only the 12-methoxy compound, already de- 
scribed (8), in excellent yield. This was converted into the 12-chloro deriv- 
ative and thence into methyl 3 ,9-epoxy-A"-cholenate (9). 


TaB.E ITI 


Yields of Intermediate Compounds in Preparation of Methyl 3,9-E poxy-A"-cholenate 
from Desoxycholic Acid 
Compound Yield 


per cent 
Methyl desoxycholate* 


3-benzoyvldesoxycholate* 


3(a)-benzoxy-12-ketocholanate. . he cear 90-95 
3(a)-Hydroxy-12-keto-A® "-cholenic acid........ | 80-85 
Methyl 3(a@)-hydroxy-12-keto-A®"!-cholenate....... oe 95-98 

3(a)-hydroxy-12-methoxy-A®:!!-cholenat 88-92 


3,9-epoxy-A'!-cholenate ee. 90-92 

* The yield of methyl desoxycholate and of the 3-benzoyl derivative depends on 
the quality of the commercial desoxycholie acid available. With highly purified 
material the yields are almost quantitative. With less pure desoxycholic acid, since 
the esterification is reversible, the mother liquors can be hydrolyzed and the re- 
covered bile acid further purified and reesterified. 


TABLE III 


Yields of Intermediate Compounds in Preparation of 3(a)-Hydroxry-11-ketocholanic 
Acid from Methyl 3,9-Epoxy-A"-cholenate 


Compound Yield 

ber cent 

Methy! 3,9-epoxy-l1,12-dibromocholanate, m.p. 143°* 75-77 
‘  3,9-epoxy-l1-keto-12-bromocholanate 92-94 
3,9-epoxy-I1-ketocholanate mers 95-97 
3(a)-hydroxy-11-keto-12-bromocholanate S7-89 

“ — 3(a)-hvdroxy-11-ketocholanate 90-93 
3(a)-Hydroxy-1] ketocholanie acid. . 05-97 


* The yield of methyl 3,9-epoxy-11,12-dibromocholanate, m.p. 143°, is based on 
the theoretical yield from the starting material, methyl 3,9-epoxy-A!'-cholenate. 
The yield of each intermediate is based on the theoretical weight from the preceding 
compound. 


It is a matter of some interest to note the high yields of the several inter- 
mediate compounds which have been described. ‘These are shown in Table 
Ul. The yield of methyl 3,9-epoxy-A"-cholenate (VI) was about 60 per 
cent based on methyl desoxycholate. The yield of VI prepared by the 
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original method (Fig. 1) through 3(a)-hydroxy-A"-cholenic acid and conver- 
sion of the 11,12-dibromide to 3(a) ,12-dihydroxy-A®: "-cholenic acid was 
less than 10 per cent. In addition, Table III shows the yields for the steps 
which include introduction of oxygen at Cy. 


EXPERIMENTAL 


All melting points were determined on the Fisher-Johns apparatus. 

Desoxycholic Acid—Treatment of crude desoxycholic acid with 6 volumes 
of benzene boiled under a reflux for 24 hours, followed by filtration and 
repetition for a second 24 hours, removed practically all fatty acids. This 
fraction varied from 3 to 8 per cent and consisted principally of palmitic 
acid. Digestion under a reflux with hot acetone-water, 4:1, for several 
hours in the proportion of 1 kilo of the bile acid to 6 liters of aqueous acetone 
dissolved all of the acid. The solution was cooled to 0° and filtered. 
About two-thirds of the starting material separated, which melted at 176- 
177°. Recrystallization from methyl ethyl ketone increased the melting 
point to 177-178° (10). Concentration of the mother liquor and recrystal- 
lization yielded more material with a melting point of 176-177°. 

Methyl Desoxycholate—1200 gm. of purified desoxycholic acid were dis- 
solved in 3.6 liters of methanol and 40 cc. of concentrated hydrochloric acid 
were added. After 3 hours at room temperature the solution was cooled 
to 5° and the following day the ester was removed by filtration. . After 
addition of 40 gm. of sodium bicarbonate the methanol was concentrated 
under reduced pressure and three more crops of crystals were obtained. 
The total weight was 1250 gm. Dane and Brady (11) have reported, and 
we have confirmed, that the ester separates from solution combined with 
0.5 molecule of methanol of crystallization. The melting point of this 
ester with methanol of crystallization is not a satisfactory criterion 
of purity. Although the crystals partially melt at 82-83°, examination in 
polarized light reveals the presence of crystalline material even when the 
temperature is raised slowly to 100°. 

Methyl 3-Benzoyldesoxrycholate—1688 gm. (4 moles) of methyl desoxy- 
cholate which contained 0.5 molecule of methanol were dissolved in 3400 
ce. of benzene which had been purified by treatment with concentrated 
sulfuric acid and distilled over sodium hydroxide. To remove methanol 
the benzene was evaporated under reduced pressure and the volume was 
made to 52C0 ce. with benzene. After addition of 400 cc. of pyridine the 
solution was cooled to 20-25° and vigorously stirred. 467 cc. of benzoy! 
chloride were added in 50 cc. portions and the temperature was held be- 
tween 20-25°. After 2 hours at room temperature the benzene solution 
was washed with water, with dilute hydrochloric acid, and again with water. 
After concentration of the benzene solution to a small volume the residue 
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was dissolved in 2 liters of methanol with the aid of heat. The product was 
separated 18 hours after the solution had been cooled to0°. Concentration 
of the mother liquor gave successive crops with a total weight of 1820 gm. 

1 gm. of methyl 3-benzoyldesoxycholate was dissolved in 35 cc. of dry 
ether. When the solution was concentrated, 0.880 gm. of the ester separa- 
ted combined with 0.5 molecule of ether, m.p. 93-94°. 


Analysis®’—C 30114,05-0.5(C.H;).0. Caleulated. C 74.75, H 9.40 
Found. ‘74.35, ** 9.40 


The ether of crystallization is firmly held at room temperature. When 
dried at 100° and 0.1 mm., 5.5000 gm. of crystals lost 0.3760 gm. The 
loss calculated for 0.5 molecule of ether was 0.3720 gm. 


Analysis’—C 32.H4O;. Caleulated, C 75.25, H 9.08; found, C 75.11, H 9.26 


Methyl 3-benzoyldesoxycholate separated from methanol with 0.5 mole- 
cule of methanol of crystallization, which was rapidly lost when dried at 
room temperature. When heated slowly, the methanol was gradually lost 
and the melting point was 110-111°; if heated rapidly, the melting point was 
83-84° with effervescence. 

Methyl 3(a)-Benzoxry-12-ketocholanate—1986 gm. of methyl 3-benzoyl- 
desoxycholate with methanol of crystallization were dissolved in 2200 ce. 
of chlorobenzene which was then removed under reduced pressure. 2200 
ce. of chlorobenzene were added and again removed. The residue was 
dissolved in 7300 cc. of chlorobenzene and 1800 cc. of acetic acid. The 
solution was stirred mechanically and cooled to 20-25°. 366 gm. of chromic 
acid in 366 ce. of water were added in portions. After 1 hour 220 ce. of 
concentrated sulfuric acid were added and the solution was vigorously 
stirred for 1 hour at 20-25°. The organic phase was washed with 18 liters 
of water which contained 200 ce. of concentrated hydrochloric acid, since 
this was found to prevent formation of a persistent emulsion. After four 
washings with water the chlorobenzene solution was dried with sodium sul- 
fate, filtered through infusorial earth, and concentrated to a small volume. 
The flask was warmed and 6 liters of methanol were added. The solution 
was cooled to 5° and allowed to stand for several hours. Three crops were 
separated: 1679 gm., m.p. 128.5-129°; 162 gm., m.p. 127-127.5°; 9 gm., m.p. 
123-124°. 

For analysis’ a sample was dried at 110° and 0.1 mm. for 4 hours. 


C3.HyO;. Caleulated, C 75.60, H 8.66; found, C 75.86, H 8.87 





® Analyses by Merck and Company, Inc., Rahway, New Jersey. 
7 Analysis by Dr. A. J. Haagen-Smit, William G. Kerckhoff Laboratories, Cali- 
fornia Institute of Technology, Pasadena, California. 
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3(a)-Hydroxy-12-keto-A°: -cholenic Acid—508 gm. of methyl 3(a)-benz- 
oxy-12-ketocholanate were dissolved in 3560 cc. of chlorobenzene-acetic 
acid, 4:1. 130 gm. of selenium dioxide and 2 cc. of 1.22 N hydrogen chloride 
in acetic acid were added and the solution was refluxed for 72 hours. Three 
solutions prepared as described were combined, the selenium was removed 
by filtration, 150 gm. of chromic acid in 150 ec. of water were added to the 
filtrate, and the solution was stirred vigorously for 2 hours. The chloro- 
benzene solution was decanted and again stirred for 2 hours with 75 gm. of 
chromic acid in 75 ce. of water. The organic phase was separated and 
washed four times with 8 liters of water. The chlorobenzene was removed 
under reduced pressure and the residue was dissolved in 4 liters of methanol 
which contained 400 cc. of 18 N sodium hydroxide. The ester was hy- 
drolyzed for 2 hours without the aid of heat, and water was added to dis- 
solve the sodium salt which had separated. The solution was freed of 
methanol and the last traces of chlorobenzene under reduced pressure. 
The aqueous solution of the sodium salt was divided into two equal parts. 

4.5 liters of water were heated to 100° in a 12 liter flask with a 
rapid stream of steam. 250 cc. of acetic acid and a few crystals of 3(a)- 
hydroxy-12-keto-A®: !'-cholenic acid were added and, while the solution was 
vigorously agitated with steam, one-half of the aqueous solution of 
the sodium salt was slowly added. The acid separated as a voluminous 
mass of needles and the suspension was maintained at 100° for 30 minutes. 
The second half was treated in the same manner. The flasks were cooled 
and the precipitate was filtered, washed, and dried to constant weight (1094 
gm.). The acid was then dissolved in acetone-water, 4:1. This step re- 
quired refluxing for 1 to 2 hours with a volume of aqueous acetone equal to 
twice the weight of the crude acid. After cooling, 906 gm. of acid were 
separated by filtration. A second crop of 149 gm. and a third crop of 27 
gm. separated when the solution was concentrated.° 

63 gm. of 3(a)-hydroxy-12-keto-A®: "'-cholenic acid, m.p. 178-179°, were 
dissolved in 500 ec. of hot normal sodium hydroxide and 50 ce. of methanol. 
The sodium salt was allowed to separate slowly at room temperature and 
the solution was held at 0° for 18 hours. Filtration removed a small 
amount of color and yielded the sodium salt, which was well washed with 
N sodium hydroxide at 5° and then dissolved in 500 ce. of water and preci- 
pitated by addition to a hot dilute solution of acetic acid as described. 


8 No condition has been found for separation by crystallization of 3(a@)-hydroxy 
12-ketocholanie acid from 3(a)-hydroxy-12-keto-A®"'-cholenie acid. For separation 
of the latter acid Hicks, Berg, and Wallis (5) have suggested the addition of gase 
ous hydrogen bromide to an ethereal solution, but, as will be shown elsewhere 
(Mattox, McKenzie, and Kendall, unpublished data), a hemihydrohalide is formed 
by both acids and no satisfactory separation is accomplished when both acids are 
present. 


Cry 
180: 
met 

J 
ket 
ano 
con 
c00 
The 
met 
120 
ano 

8 
wel 
acic 
mo. 
113 

] 
dro 
ace 
of |} 
abs 
of | 


! 
4 


tha 
1.0 


un 


sol 


wa 


We 


to 
wh 





ol 


"as 
of 
US 
es. 
led 
94 
re- 
to 
ere 
27 
ere 
ol. 
ind 
all 
ith 
aCl- 
ed. 
XV 
Lion 
ase 
here 


med 


MCKENZIE, MATTOX, ENGEL, AND KENDALL 279 


Crystallization from acetone-water, 4:1, gave a product which melted at 
180-180.5°. Log E = 4.070 at} = 240 mp. [alo = 107° + 2° (¢c = lin 
methanol). 

Methyl 3(a)-Hydroxy-12-keto-A®: -cholenate—7.76 gm. of 3(a)-hydroxy-12- 
keto-A® -cholenic acid, m.p. 180-180.5°, were esterified in 20 cc. of meth- 
anol and 0.2 cc. of concentrated aqueous hydrochloric acid. 10 ec. of water 
containing 200 mg. of sodium bicarbonate were added, the solution was 
cooled to 5°, and 7.36 gm. of crystals melting at 117-119° were separated. 
The ester was recrystallized from a mixture of 22 cc. of ether, 3 cc. of 
methanol, and 22 cc. of petroleum ether. The melting point was 119.5- 
120°. Log FE = 4.077 at \ = 240 mu. [alo = 107° + 2° (c = 1 in meth- 
anol). 

866 gm. of 3(@)-hydroxy-12-keto-A® |'-cholenie acid, m.p. 179.5-180.5°, 
were esterified in methanol as described for the esterification of desoxycholic 
acid. The first crop weighed 804 gm. and melted at 119.5-120°. Three 
more crops were obtained: 64 gm., m.p. 115.5-116.5°; 15 gm., m.p. 
113.5-114.5°; 4 gm., m.p. 112.0-113.0°. 

Methyl 3(a) ,12-Dihydroxy-A3: '-cholenate—402 gm. of methyl 3(a)-hy- 
droxy-12-keto-A’: "'-cholenate were dissolved in a mixture of 600 cc. of 
acetic acid and 600 ee. of 95 per cent ethanol and shaken in an atmosphere 
of hydrogen in the presence of 2 gm. of Adams’ platinum catalyst until the 
absorption of hydrogen had ceased. 94 hours were required and 1.00 mole 
of hydrogen was utilized. 

A second 402 gm. portion was reduced under the same conditions, except 
that a freshly prepared sample of platinum catalyst was used. In 63 hours 
1.01 moles of hydrogen were absorbed. 

The two solutions were combined, filtered from platinum, and evaporated 
under reduced pressure until a thick syrup remained. ‘The syrup was dis- 
solved in benzene and acetic acid was removed with water. The solution 
was concentrated and the benzene was displaced with methanol. 

Methyl 3(a)-Hydroxy-12-methoxy-A®: ''-cholenate—The syrupy residue de- 
scribed in the preceding paragraph was made to 3 liters with methanol and 
cooled to 5°. ‘’o the methanolie solution the following mixture was added: 
390 ce. of water, 334 ec. of concentrated (37 per cent) hydrochloric acid, 
and sufficient methanol to make 1800 ce. After 40 days® the crystals which 
had separated were filtered from solution and washed with 600 ce. of normal 
hydrochloric acid in 85 per cent methanol and with 8 liters of water. The 
weight was 757 gm. (90.4 per cent) and the melting point was 160.5-162°. 
After crystallization from benzene the melting point was 162.5-163°. The 

*Separation of the 12-methoxy compound takes place rapidly during the first 4 


to5days. The last portions, however, require long treatment under the conditions 
which give the maximal yield. 
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preparation by other methods and analysis of this compound have been 
described (8, 9). 

It is somewhat more convenient to perform the catalytic reduction in 
methanol and hydrochloric acid (0.05 n).1° 402 gm. of methyl 3(a)-hy- 
droxy-12-keto-A®: "'-cholenate in 1200 cc. of methanol were reduced with 
hydrogen in the presence of 2.00 gm. of Adams’ platinum oxide. 0.981 mole 
of hydrogen was absorbed in 12 hours. Without removal of the platinum 
the solution was made 84 per cent methanol, 16 per cent water, and 1 N hy- 
drochloric acid. After 10 days 340 gm. of the crude 12-methoxy com- 
pound were separated. After a total of 34 days 51 gm. more were obtained, 

The two portions of crystals were combined and recrystallized from 1200 
cc. of benzene. The benzene in the mother liquor was replaced with meth- 
anol and the solution was concentrated to small volume. The total weight 
of the 12-methoxy compound, with a melting point of 162-163° was 372 gm. 

Methyl 3,9-Epoxy-A"'-cholenate from Methyl 3(a)-Hydroxy-12-methoxy- 
A®: -cholenate—A solution of 41.80 gm. (0.1 mole) of methyl 3(a@)-hydroxy- 
12-methoxy-A®: '-cholenate in 200 cc. of chloroform was vigorously stirred 
three times for 30 minutes each with 100 ec. portions of concentrated hy- 
drochloric acid and then with 500 cc. of water. The intermediate com- 
pound, methyl 3(a)-hydroxy-12-chloro-A*: '-cholenate, was not isolated. 
The chloroform solution was shaken vigorously in a mechanical shaker for 
18 hours with a solution of 50 gm. of sodium bicarbonate in 500 ce. of 
water. 

The chloroform solution was concentrated under reduced pressure and 
the chloroform was displaced with acetone. The volume was made to 100 
cc. with acetone, 50 ec. of water were added, and the solution was cooled to 
0°. The crystals which separated were filtered from solution and rinsed 
with cold 70 per cent acetone. The weight was 35.63 gm. (92 per cent). 
The product melted at 53-54° and did not depress the melting point of 
methyl 3 ,9-epoxy-A"-cholenate. [alo = —59° + 2° (c = 1 in chloroform) 


(9). 
SUMMARY 


An improved method for the preparation of methyl 3 ,9-epoxy-A!!-cholen- 
ate is described. 

Methyl 3-benzoyldesoxycholate is oxidized to methyl 3(a)-benzoxy-12- 
ketocholanate and a double bond is introduced at Cy-Cy, by dehydrogena- 
tion with selenium dioxide. Hydrolysis yields 3(@)-hydroxy-12-keto-A” "- 
cholenic acid. Esterification of the acid and reduction of the carbonyl 
group give methyl 3(a) ,12-dihydroxy-A’: ''-cholenate which is converted 


1 The use of methanolic HCI as a solvent for reduction was devised by Dr. Jacob 
van de Kamp in the Research Laboratories of Merck and Company, Inc. 
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through the 12-methoxy compound and the 12-chloro derivative into methyl 
3,9-epoxy-A"'-cholenate. The over-all yield is about 60 per cent. 
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STEROIDS DERIVED FROM BILE ACIDS 


VII. THE PROBABLE STEREOCHEMICAL CONFIGURATION OF SOME 
DERIVATIVES OF THE BILE ACIDS* 


By VERNON R. MATTOX, RICHARD B. TURNER, BERNARD F. McKENZIE, 
LEWIS L. ENGEL, anp EDWARD C. KENDALL 


(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 


(Received for publication, November 22, 1947) 


Derivatives of bile acids with substituents in Ring C have been described 
in the preceding papers of this series (1-6). It is the purpose of this paper 
to assign the probable stereochemical configurations for these compounds. 

As desoxycholie acid (1)! is a convenient reference compound, it will first 
be necessary to discuss briefly the spatial arrangement of certain portions 
of this bile acid. The most probable configuration of desoxycholic acid is 
3(a) ,12(a)-dihydroxycholanie acid (7-12). 

Recent evidence for the configuration assigned to the hydroxyl group at 
C; has been furnished by the formation of 3 ,9-epoxy-A"-cholenic acid (II) 
from methyl 3(a)-hydroxy-12-bromo-A°"-cholenate (III) and its recon- 
version to III on treatment with hydrogen bromide (4). On the basis of 
these reactions the epoxide bridge of II must lie on the same side of the 
molecule as the 3-hydroxyl group of III. 

Construction of models of these compounds with Stuart atoms (13) has 
shown that an oxygen bridge from C3 to Cy is essentially strain-free when 
in the @ position,’ that is on the side opposite the angular methyl group 
at Cy, provided that the A-B ring fusion is of the cis-decalin type. No 
epoxy models can be constructed with a trans A-B ring fusion, or in any 
case in which the oxygen atom occupies the 8 configuration. For these 
reasons the 3 ,9-epoxy compound appears to be 3(a@) ,9(a@)-epoxy-A"!-cholenic 
acid (11).% 

Present chemical evidence indicates that the hydrogen at Cy in the bile 
acids, cortical hormones, and so forth, has the a configuration and the B-C 
ring fusion is trans (7, 15-17). Moreover, x-ray diffraction patterns are in 
agreement with this conclusion (8, 9, 18). Additional information on this 

*This work was supported in part by a grant from the Research Corporation, 
New York. 

! The roman numerals refer to the compounds in Table I. 

2 The terms a and @ are used in the sense which is discussed by Fieser (14). 

’ Since the epimerie 3(8),9(8)-epoxy compound appears to be excluded on steric 


grounds, in this paper the grouping will be designated 3,9-epoxy except when def- 
inite configurations are assigned. 
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point might be obtained by a further study of the physical properties of 
those compounds containing the 3,9-epoxy grouping, for in these syb. 
stances the a configuration at Cy» is established by the oxygen bridge. 
Thus, if the Cy hydrogen of desoxycholic acid occupies the a position, the 
configuration at Cy of the 3,9-epoxide structure is the same as that of 
desoxycholic acid. On the other hand, if desoxycholic acid possesses 
hydrogen at Cy, in the 8 arrangement, the net result of conversion to the 
3 ,9-epoxide would be an inversion of configuration with alteration in the 
B-C ring fusion from trans to cis. The deformation brought about by 
these changes can be readily demonstrated with models and should be 
susceptible of detection by physical methods. This correlation of config. 
urations at C3 and Cy, awaits further investigation. 

The position of the hydroxyl group at Cy has been the subject of con- 
siderable controversy. Caglioti and Giacomello, from the interpretation 
of x-ray diffraction patterns, suggested the 8 configuration (8,18). On the 
other hand, while the early chemical results of woechlin and Reichstein (11 
were not conclusive, work in the laboratories of Gallagher and also of this 
institution indicates that the 12-hydroxyl group has the a configuration 
(10, 19-21). More recent work of Sorkin and Reichstein confirms this 
conclusion (12). With the @ configuration assumed for the hydrogen at Cy 
and for the hydroxyl groups at C3 and Cy, it is not difficult to assign the 
probable configurations for the compounds under discussion. 

Compounds Related to 3(a),12(a)-Dihydroxycholanic Acid (Desoxycholic 
Acid)—It has been shown that 3(a)-hydroxy-11,12-epoxycholanic acid 
(IV) made from 3(a)-hydroxy-A!-cholenic acid with perbenzoic acid can 
be reduced catalytically in acetic acid in the presence of a trace of hydrogen 
chloride to give desoxycholic acid (1). The oxide therefore has the a con- 
figuration. Gallagher and Long (10) have opened the 11, 12-oxide to form 
methyl 3(a)-acetoxy-11(8)-bromo-12(a@)-hydroxycholanate (V). This con- 
figuration was indicated by the chemical properties of the bromoketone 
prepared by oxidation of the bromohydrin (V) with chromic acid. The 
compound, methyl 3(a)-acetoxy-11(3)-bromo-12-ketocholanate (VI), thus 
obtained lost hydrogen bromide readily in boiling pyridine and yielded the 
A®! compound. Seebeck and Reichstein (17) had previously shown that 
the same bromoketone prepared in another way was dehydrobrominated 
with pyridine and that 3(a@)-acetoxy-11(a)-bromo-12-ketocholanate did not 


4 Alther and Reichstein reduced the 11,12-oxide (IV) with hydrogen in the pres- 
ence of Ni and separated desoxycholic acid as the principal product (22). However, 
they accepted the interpretation of the x-ray diffraction patterns made by Caglioti 
and Giacomello (18) and assumed that the oxide and the hydroxyl group at Cy have 
the 8 configuration. In a subsequent publication the oxide is assigned the a con- 
figuration (23). 
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lose hydrogen bromide under the same conditions. The ease of dehydro- 
bromination of VI is in keeping with the trans arrangement for the bromine 
at Cy and the hydrogen at Co. The bromine at Cy is therefore apparently 
in the 8 configuration. 

Bromination of 3(a)-hydroxy-A"'-cholenic acid yields but a single dibromo 
derivative (VII), which can be separated in crystalline form (2). The con- 
figuration of the 2 atoms of bromine in VII is indicated by the following 
reactions. In anhydrous boiling pyridine 2 molecules of hydrogen bromide 
were removed and, after treatment with diazomethane, methyl 3 ,9-epoxy- 
A"-cholenate was isolated from the solution. This result indicates that the 
primary step was loss of hydrogen bromide to form 3(«)-hydroxy-12-bromo- 
A’ 1-cholenie acid which then was converted into 3 ,9-epoxy-A'!-cholenic 
acid (II) (4). 

Treatment of the 11,12-dibromide (VII) with aqueous pyridine® or a 
dilute solution of sodium hydroxide (3, 24) removed both atoms of bromine 
and formed 3(a) ,12-dihydroxy-A®: "'-cholenie acid (VIII). Because of the 
ready loss of hydrogen bromide from VII to form the 3 ,9-epoxy structure 
(II) in anhydrous medium and the 3(a) ,12-dihydroxy derivative (VIII) in 
aqueous solution, it seems probable that the hydrogen at Cy and the bro- 
mine at Cy, are trans to each other. This conclusion and the assumption 
that the atoms of bromine have added trans to each other are the basis for 
assigning 3(a)-hydroxy-11(8) ,12(a)-dibromocholanic acid as the probable 
configuration for VIT. 

Compounds Related to 3(a) ,12-Dihydroxy-A°: "'-cholenic Acid—Gallagher 
and Long (10) showed that treatment of the 11(8)-bromo-12(a)-hydroxy 
compound (V) with silver acetate in acetic acid yielded a fraction which 
after hydrolysis was identical with 3(a) ,12-dihydroxy-A*: "-cholenie acid 
(VIII) previously prepared by treatment of 3(a)-hydroxy-11(8) ,12(a)- 
dibromocholanie acid (VII) with alkali (3, 24). Unless inversion of the 
hydroxyl group at Cy of the bromohydrin occurred during treatment with 
silver acetate (and this does not seem probable), the compound may be 
designated as 3(a) ,12(a)-dihydroxy-A®: |'-cholenic acid (VIII). 

With acetic anhydride and pyridine the methyl ester of the last mentioned 
compound forms a 3, 12-diacetate ([X) which can b2 hydrolyzed with alkali 
to give the starting material. With acetic acid and a trace of sulfuric acid 
the 3(a@) ,12(a)-dihydroxy compound (VIII) very rapidly forms a mono- 
acetyl derivative and from the rate of reaction and the conditions of the 
experiment it is evident that the formation of this acetate (X) is not by 
esterification but by replacement of the 12-hydroxyl group. Hydrolysis 
of the monoacetyl derivative restores the 3(a@) ,12(a)-dihydroxy compound 
(VIII). These results indicate that in the replacement of the 12-hydroxyl 


> See the section ‘‘Results.”’ 
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Melting Points and Specific Rotations of Compounds Considered in This Paper 





Compound 





IV. 


VIII. 


IX. 


X. 


XII. 


XIII. 


XIV. 


XV. 


XVI. 


XVII. 


XVITI. 


XIX. 


XXI. 
XXII. 
XXIII. 


XXIV. 


. 3(a@),12(a)-Dihydroxycholanie acid 
Il. 
III. 


3(a),9(a)-Epoxy-A'-cholenic *‘ 

Methyl] 3(a)-hydroxy-12(a)-bromo- 
A®-1-cholenate 

3(a)-Hydroxy-11(a) , 12(a@)-epoxycho- 
lanic acid 


. Methy! 3(a)-acetoxy-11(8)-bromo- 


12(a@)-hydroxycholanate 


. Methyl! 3(a)-acetoxy-11(8)-bromo-12- 


ketocholanate 


. 8(a)-Hydroxy-11(8) ,12(a@)-dibromocho- 


lanic acid 
3(a),12(a)-Dihydroxy-A®+!!-cholenic 
acid 
Methy! 3(a) , 12(a)-diacetoxy-A?:!!- 
cholenate 
3(a)-Hydroxy-12(a)-acetoxy-A?:!!- 
cholenic acd 


. 3(a) ,12(8)-Dihydroxy-A? !!-cholenic 


acid 

Methyl 3(a) ,12(8)-diacetoxy-A®!!- 
cholenate 

Methy! 3(a@)-hydroxy-12(a)-methoxy- 
A®!_cholenate 

Methy! 3-keto-12(a@)-hydroxy-A*:!!- 
cholenate 

Methy! 3-keto-12(a@)-methoxy-A?:1!- 
cholenate 

Methy! 3-keto-12(a)-bromo-A?:!!-cho- 
lenate 

Methyl] 3(a)-acetoxy-11 (6)-hydroxy- 
12(a)-bromocholanate 

Methy! 3(a)-acetoxy-11-keto-12(a)- 
bromocholanate 


Methy! 3(a)-acetoxy-11(8) ,12(8)-epoxy- 


cholanate 


. Methy! 3(a)-acetoxy-11(8)-hydroxy- 


cholanate 
3(a).11(8)-Dihvdroxycholanic acid 
3(a),11(a)-Dihydroxycholanie ‘‘ 
Methyl 3(a) ,9(a)-epoxy-11(8) ,12(a)- 
dibromocholanate 
Methyl! 3(a) ,9(a)-epoxy-11(a) ,12(8)- 
dibromocholanate 


| 
| 


| 











Mp. | la], 
°C. | degrees 
177 | +48 
158 | —57 
137 | +213 
167 | +39 
139 | +54 
164 | +41 
179 | +87 
200 | +104 
85 | +198 
186 | +206 
107* | +28 
107 +3 
163 +130 
162 | +70 
100 +112 
137 +182 
203 | +71 
185 +8 
155 +62 
148 +69 
201 +55 
147 +22 
143 +45 
123 +20 
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| 3, 10, 21 


3, 21 








veset 
freed 


grou 
hyd 
acet 


figui 
ketc 
acet 
(XI) 
start 
duri 
pour 
sulft 
acet 


mine 
to tk 
este! 
trac 
both 
from 


°7 


MATTOX, TURNER, MCKENZIE, ENGEL, AND KENDALL 287 


TasLe I—Concluded 




















Compound Mp. | oly | Bipliogrentic 
"€: degrees 
XXV. Methyl 3(a) ,9(a)-epoxy-11(8)-hydroxy- 187 +58 15 
12(a)-bromocholanate 
XXVI. Methyl 3(a@) ,9(a@)-epoxy-11-keto-12(a)- 115 —36 | 5 
bromocholanate 
XXVII. Methy! 3(a) ,9(a)-epoxy-11(8)-acetoxy- 134 +17 | 4 
12(a)-bromocholanate 
XXVIII. Methyl 3(a),9(a),11(8),12(8)-diepoxy- | 81 | +16 | 4 
cholanate 
XXIX. Methyl 3(a) ,9(a@)-epoxy-11(8)-acetoxy- 98 +50 | This paper 
cholanate 
XXX. 3(a),9(a)-Epoxy-11(8)-hydroxycho- 200 +56 | “ “ 
lanie acid | 
XXXI. Methyl 3(a) ,9(a@),11(a@) ,12(a)-diepoxy- 94 +16 | 4 
cholanate | | 


| | 











*Compound XI separated with 0.5 molecule of benzene and melted with effer- 
vescence. The specific rotation was taken on material which had been dried and 
freed of solvent of crystallization. 

t Kendall, E. C., unpublished data. 


group by the acetoxyl group inversion did not occur either with acetic an- 
hydride in pyridine or with acetic acid and sulfuric acid, and that the 12- 
acetoxyl group in both IX and X has the a configuration (3). 

The epimeric 12-hydroxy compound (XI), to which we assign the 8 con- 
figuration at Cy, was prepared by catalytic reduction of 3(a)-hydroxy-12- 
keto-A® "-cholenic acid.6 When the methyl ester of XI was treated with 
acetic anhydride and pyridine, there was formed the 3(a),12(8)-diacetate 
(XII), which differed from LX and which with alkali yielded the dihydroxy 
starting material (XI). It is apparent that inversion did not occur either 
during acetylation or hydrolysis. However, when the 12(8)-hydroxy com- 
pound (XI) was converted into the 12-acetate by treatment with a trace of 
sulfuric acid in acetic acid, the product isolated was identical with the 12(a)- 
acetate (X.) formed from the 3(a),12(a)-dihydroxy compound.® 

This behavior of the 12(8)-hydroxyl group in the presence of a trace of 
mineral acid indicates a strong tendency for a 6 substituent at Cy: to invert 
to the @ position. Further evidence is afforded by treatment of the methyl 
esters of 12(a) and 12(8) compounds (VIII and XI) with methanol and a 
trace of mineral acid. The same 12-methoxy compound was obtained from 
both epimeric forms. Moreover, the same 12-bromo derivative was formed 
from both epimeric hydroxy compounds by replacement with hydrogen 


* Kendall e¢ al., unpublished data. 
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bromide, and to the methoxy and bromo compounds (XIII and IID), re- 
spectively, we assign the a configuration at Cy (3, 4).6 It has not been 
possible to accomplish a conversion of any compound with the 12(a) con- 
figuration into one with a 12(8) arrangement by a replacement reaction. 

Regardless of the configuration at Cy: of the starting material, the enter- 
ing substituent becomes attached to the a side of the molecule. It would 
appear highly probable that steric hindrance is an important directive 
influence and we suggest that the entering group approaches the molecule 
on the side which is least hindered; that is, the side opposite the methyl 
group at Cys. 

Compounds which have a ketone at C3, methyl 3-keto-12-hydroxy-A’: ". 
cholenate (XIV) and the closely related 12-methoxy (XV) or bromo (XVI) 
compounds, have the a configuration at Cy, since they were prepared 
directly from 12(a) derivatives or by methods ana'ogous to those used to 
give the 12(a) series with hydroxyl group at C3 (3, 4). 

A second type of evidence for the configuration at Cy. in the A® "™ com- 
pounds is furnished by the difference in the reactivity of derivatives which 
are epimeric at Cy. Hydrogenolysis of the hydroxyl group occurs with 
both forms but the rate is much faster with the compound to which the « 
structure has been assigned than with the compound to which the 8 strue- 
ture has been assigned. This difference is exaggerated in the 3(a) ,12- 
diacetyl derivatives. The 12(a)-acetoxyl group was readily removed by 
hydrogenolysis but the epimeric 12(8) compound remained unchanged 
under similar conditions.6 Presumably the differences of reactivity may be 
explained by the configuration at Cy. 

The rates of formation of methyl 3(a)-hydroxy-12(a)-methoxy-A’: "- 
cholenate in methanol with a trace of hydrogen chloride and of the corre- 
sponding 12(a)-acetoxy compound in acetic acid with a trace of sulfuric acid 
are much faster with 3(a) ,12(a) dihydroxy-A’:"'-cholenic acid than with 
the corresponding 12(8)-hydroxy compound.® These observations are in 
keeping with those already mentioned in regard to the reactivity of the 
12(a) and 12(8) compounds toward hydrogenolysis and they illustrate the 
influence of the stereochemical configuration on chemical reactivity. 

Still further evidence for the configuration of the substituent at Cy is 
furnished by the specific rotation. There is but little difference in the 
specific rotations of some derivatives of 3(a)-hydroxycholanic acid which 
are epimeric at Cy. but in the corresponding derivatives with a double bond 
C,-Cy the difference in specific rotations between the 12(a) and 12(8) forms 
is marked. Not only do those compounds to which the a configuration has 
been assigned have rotations which are relatively high, but in each epimeric 
pair the rotation of the a compound is higher than that of the compound 
with opposite configuration. The specific rotations of the 12(a) and 12(8) 
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forms of 3(a),12-dihydroxy-A®:"-cholenie acid are +104° and +28° re- 
spectively. The values for the 3(a)-acetoxy-12-hydroxy-A°-cholenic 
compounds are +116° and +-46° and for the diacetates +200° and +3° (3).° 
Although it would be impossible to assign the configuration on the basis of 
specific rotation alone, in the three epimeric pairs cited the rotations are 
consistent with the configurations assigned. 

Compounds Related to 3(a) ,11-Dihydroxycholanic Acid—Ott and Reich- 
stein (25) prepared methyl 3(a)-acetoxy-11-hydroxy-12-bromocholanate 
(XVII) and showed that this bromohydrin with chromic acid gave the 11- 
keto-12-bromo compound (XVIII). With alkaline aluminum oxide the 
bromohydrin (XVII) was converted into an 11,12-oxide (XIX).7 Since 
the epimeric oxide (IV) (1, 10, 20) has been shown to have the a configura- 
tion, the oxide (XIX) appears to have the 6 structure and this interpreta- 
tion leads to methyl 3(a)-acetoxy-11(8)-hydroxy-12(a)-bromocholanate as 
the most probable configuration for the bromohydrin (XVII) and methyl 
3(a)-acetoxy-11-keto-12(a)-bromocholanate for the corresponding bromo- 
ketone (XVIII). 

Ott and Reichstein (25) showed that catalytic reduction of the oxide 
(XIX) gave methyl 3(a)-acetoxy-11-hydroxycholanate (XX), to which they 
assigned the a configuration at Cy. Since the oxide (XIX) has now been 
shown to have the 8 configuration, it appears that the 11-hydroxyl group of 
methyl 3(a)-acetoxy-11-hydroxycholanate (XX) must also belong to the 
8 series.® 

Reduction of methyl 3(a)-acetoxy-11-ketocholanate gave the same 11(8)- 
hydroxy product (XX) (27). This compound (XX) has also been prepared 
by reduction of 3(a)-hydroxy-11-ketocholanic acid to 3(a),11(@)-dihy- 
droxycholanie acid (X.XI) followed by esterification and acetylation (5). 

Additional evidence in support of the 11(8) configuration in X XI follows 
from the resistance of the 11-hydroxyl group toward acetylation (5) and the 
ease with which the compound undergoes dehydration (27). The epimeric 
11(a) compound (XXII), prepared by Long and Gallagher (16), was readily 
acetylated and relatively resistant to dehydration of the 11-hydroxyl group. 

Compounds Related to 3,9-Epoxy-A"-cholenic Acid—It has been men- 
tioned that bromination of 3(a@)-hydroxy-A'-cholenic acid yields only a 
single dibromo compound (VIT) which ean be separated in crystalline form 
(2). However, bromination of methyl 3,9-epoxy-A"-cholenate results in 
the formation of two crystalline dibromo derivatives (XXIII and XXIV) 


7Ott and Reichstein (25) assigned the e configuration to the oxide (XIX) because 
the epimeric oxide (IV) had been designated as a member of the 8 series. In a sub- 
sequent publication the oxide (XIX) is assigned the 8 configuration (23). 


* In a subsequent publication the hydroxyl group is assigned the 8 configuration 
(26). 
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(4). These dibromo compounds appear to be stereoisomers, since they 
are both converted with zinc into methyl 3 ,9-epoxy-A''-cholenate (4). 

It has not been possible to replace 1 of the atoms of bromine of XXIV 
selectively. However, the treatment of the dibromide (XXIII) with silver 
oxide in aqueous acetone gave methyl 3 ,9-epoxy-11-hydroxy-12-bromo- 
cholanate (XXV), which was oxidized to a bromoketone (XXVI). With 
hydrogen bromide the 3 ,9-epoxy structure was opened and from the solu- 
tion methyl 3(a)-acetoxy-11-keto-12(a)-bromocholanate (XVIII) was 
separated in good yield. Debromination of XVIII and XXVI yielded 
methyl 3(a)-acetoxy-11-ketocholanate and methyl 3 ,9-epoxy-11-ketocho- 
lanate respectively. In the bromination of either of these two keto com- 
pounds it would be expected that both of the possible epimeric 12-bromo 
compounds would be formed, but in each instance only one bromo com- 
pound, XVIII or XXVI respectively, could be isolated. Thus it is evident 
that the configuration of the steroid nucleus exerted a strong directional 
influence. On the basis of these results (5) we assign the a configuration 
to the bromine at Cy in methyl 3,9-epoxy-11,12-dibromocholanate 
(XXIII) and in methy] 3 ,9-epoxy-11-keto-12-bromocholanate (X XVI). 

The bromohydrin (XXV) can be acetylated to give the bromoacetate 
(XXVII), also obtainable by treatment of methyl 3,9-epoxy-11,12- 
dibromocholanate (XXIII) with sodium acetate (4). Both the bromo- 
hydrin and its acetate yield an 11,12-oxide (XXVIII) with methanolic 
sodium hydroxide. Three mechanisms can be advanced for the conversion 
of the dibromide (XXIII) into the oxide (XXVIII): (1) The atoms of 
bromine in methyl 3 ,9-epoxy-11 , 12-dibromocholanate are cis with respect 
to each other. Replacement at Cu is accompanied by inversion and the 
oxide is obtained by elimination of hydrogen bromide from a trans bromo- 
hydrin. (2) The epoxy dibromide is a trans dibromide, which undergoes 
replacement with inversion and yields a cis bromohydrin convertible to an 
oxide on treatment with alkali. (3) The epoxy dibromide is a trans 
dibromide and replacement at Cy proceeds without inversion to a 
trans bromohydrin. ‘This in turn gives the oxide with alkali. 

Of these views the third is most acceptable. Addition of bromine to an 
olefinic linkage usually gives a trans product (28) and Bartlett (29) and 
Bartlett and White (30) have shown that oxides are readily formed from 
trans halohydrins and alkali, whereas the cis isomers are converted to ke- 
tones under similar conditions. 

The work of Winstein and Buckles (31) indicates that when an atom of 
bromine is replaced by a substituent a second atom of bromine, if adjacent, 


® Seebeck and Reichstein (17) found that in the bromination of 3(a)-acetoxy-12- 
ketocholanic acid the 11(e)-bromo derivative usually predominated. Gallagher and 
Long (20) have pointed out that in this reaction it could be anticipated that the 
hindered isomer at Cu would be formed in less amount. 
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may participate in the replacement in such a manner that no inversion 
occurs. It therefore seems safe to conclude that the dibromide (XXIII) 
is methyl 3,9-epoxy-11(8) ,12(a)-dibromocholanate and the dibromide 
(XXIV) is methyl 3 ,9-epoxy-11(a) ,12(8)-dibromocholanate. The bromo- 
hydrin (XXV) is methyl 3 ,9-epoxy-11(8)-hydroxy-12(a)-bromocholanate, 
the acetyl derivative (X XVII) has the 8 configuration at Cu, and the oxide 
(XXVIII) is methyl 3(a@) ,9(a) ,11(8) ,12(8)-diepoxycholanate. 

Halogen at Cy in the bromoacetate (X XVII) was removed by catalytic 
debromination to give methyl 3,9-epoxy-11(8)-acetoxycholanate (X XIX) 
and alkaline hydrolysis of the 11l-acetate yielded 3 ,9-epoxy-11-hydroxy- 
cholanic acid (XXX).5 Hydrolysis of the acetate required drastic treat- 
ment and it was found that under mild conditions the 11-hydroxyl group 
was neither acetylated nor replaced by chlorine with phosphorus penta- 
chloride. Although the epimeriec 11-hydroxy compound is not available 
for comparison, the chemical properties of XXX are in agreement with 
those anticipated for an 11(8)-hydroxy compound. 

A diepoxide, epimeric at 11,12 with methyl 3(a) ,9(a@) ,11(8) ,12(6)- 
diepoxycholanate (XXVIII), has been formed by the action of perbenzoic 
acid on 3,9-epoxy-A"-cholenic acid (II). By exclusion the configuration of 
this oxide (XXXI) is assigned methyl 3(a),9(a@) ,11(a) ,12 (@)-diepoxy- 
cholanate (4). The a position is also indicated by the fact that perbenzoic 
acid forms the @ oxide with the closely related compound 3(a@)-hydroxy- 
A'"-cholenic acid (1). 


Results" 


All melting points were taken on the Fisher-Johns apparatus. 

Methyl 3,9-Epoxy-A''-cholenate from 3(a)-Hydroxy-11(8) ,12(a)-dibromo- 
cholanic Acid (VII)—A solution of 536 mg. of 3(a)-hydroxy-11(8) ,12(a)- 
dibromocholanic acid in 5.0 ec. of dry pyridine was boiled under a reflux 
condenser for 30 minutes. Ether and chloroform were added and the or- 
ganic phase was washed with water, dilute sulfuric acid, again with water, 
and was filtered through sodium sulfate. The solution was esterified with 
diazomethane in ether and adsorbed on a column of 12 gm. of aluminum 
oxide. The material, eluted with 4:1 petroleum ether-benzene (177 mg.), 
was crystallized from cold dilute methanol to give 78 mg. of product which 
melted at 51--52° and did not depress the melting point of methyl 3,9- 
epoxy-A''-cholenate. [a]o = —59° + 2° (30.3 mg. in 3.00 ce. of chloro- 
form). 

3(@) ,12(a)-Dihydrory-A®:"'-cholenic Acid (VIII) from 3(a)-Hydrozy- 


1 Some of the compounds described in this paper were analyzed in the laboratory 
of Merck and Company, Inc., Rahway, New Jersey; the remainder was analyzed by 
Mr. William Saschek in the Department of Biochemistry of Columbia University, 
New York. 
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11(8) ,12(a)-dibromocholanic Acid (VII)—A solution of 536 mg. of 3(a)- 
hydroxy-11(8) ,12(@)-dibromocholaniec acid (VII) in 5.0 ce. of pyridine and 
5.0 ec. of water was boiled under a reflux condenser for 30 minutes. A 
mixture of ether and chloroform was added and the organic phase was 
washed with water, dilute sulfuric acid, and water and filtered through 
sodium sulfate. The halogen removed was 96 per cent of the theoretical 
amount. The solution was concentrated under reduced pressure and the 
residue was crystallized from benzene. The material, recrystallized twice 
from acetone, weighed 97 mg. and when placed on the melting point stage 
at 190° melted at 193-195°. The melting point was not depressed when a 
sample of VIII was mixed with 3(a) ,12(a@)-dihydroxy-A’: |'-cholenie acid, 
[a]l> = +103°+2° (31.4 mg. in 3.00 cc. of methanol). 

Methyl 3,9-Epoxy-11(8)-acetoxycholanate (XXIX) from Methyl 3,9- 
Epoxy-11(8)-acetoxy-12(a)-bromocholanate (X XVII)—A_ solution of 525 
mg. of methyl 3,9-epoxy-11(8)-acetoxy-12(@)-bromocholanate in 2 ce. 
of pyridine and 100 ce. of ethanol was shaken in an atmosphere of hydrogen 
with 5.0 gm. of palladium catalyst (32) for 6.5 hours. The solution was 
filtered and the filtrate was concentrated under reduced pressure. The 
residue was dissolved in benzene and the solution was washed with dilute 
acetic acid and with water and concentrated to dryness. The residue 
crystallized from dilute methanol to give 240 mg. of product which melted 
at 95-96°. Further purification from the same solvent raised the melting 
point to 97.5-98°. [alo = +50° + 2° (20.0 mg. in 4.00 ce. of chloroform). 


CaHy20;. Calculated, C 72.61, H 9.48; found, C 72.59, H 9.58 


3 ,9-Epoxy-11(8)-acetoxycholanie acid was obtained by hydrolysis of 
446 mg. of methyl 3 ,9-epoxy-11(8)-acetoxycholanate (X XIX) in 59 ce. of 
methanol and 25 cc. of 1 N aqueous sodium hydroxide. The solution was 
refluxed for 2 hours, acidified with acetic acid, and concentrated under re- 
duced pressure. The residue was extracted with benzene and the solution 
was washed with water and concentrated to dryness under reduced pressure. 
After three crystallizations from ligroin the material melted at 163-163.5°. 
[a]p = +54° + 1° (40.0 mg. in 4.00 ee. of chloroform). 


CxHwO;. Calculated, C 72.19, H 9.32; found, C 71.93, H 9.18 


3 ,9-Epoxy-11(8)-hydroxycholanic Acid (XXX) from 3,9-Epoxy-11(8)- 
acetoxycholanic Acid—92 mg. of 3 ,9-epoxy-11(8)-acetoxycholanie acid were 
dissolved in 5 cc. of methanol, 7.5 cc. of 5 N aqueous sodium hydroxide were 
added, and the solution was refluxed for 16 hours. The methanol was re- 
moved in an air current, water was added, and the solution was acidified 
with hydrochloric acid. The resulting precipitate was collected, washed, 
and crystallized from dilute acetone. The product (70 mg.) melted at 199- 
200°. [a]lp = +56° + 2° (24.6 mg. in 3.00 cc. of chloroform). 
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CoiH330,. Calculated, C 73.80, H 9.81; found, C 73.98, H 9.72 


3 ,9-Epoxy-11(8)-hydroxycholanie acid has also been prepared through 
hydrolysis of the 11(8)-formate. Treatment of the dibromide (XXIII) 
in methanol with potassium formate gave a mixture of the 11(3)-formoxy- 
12(a)-bromo and the 11(8)-hydroxy-12(a@)-bromo compounds. Catalytic 
debromination of either the bromoformate or the bromohydrin, followed 
by alkaline hydrolysis, yielded the 11(8)-hydroxy acid (XXX). 

3,9-Epoxy-11-ketocholanic Acid from 3,9-Epoxy-11(8)-hydroxycholanic 
Acid (X XX)—780 mg. of 3,9-epoxy-11(8)-hydroxycholanic acid were oxi- 
dized at room temperature in 10 ec. of chloroform and 30 cc. of acetic acid 
with 5.40 ee. of 1.85 N chromic acid dissolved in 95 per cent acetic acid. 
After 16 hours water and benzene were added and the organic phase was 
washed with water and evaporated to dryness under reduced pressure. 
After two reerystallizations from dilute acetone the residue gave 454 mg. 
of material which melted at 173-174°.. Some samples of this compound 
partially melted at about 168°, resolidified, and melted at 173-174°. The 
melting point was not depressed when the crystals were mixed with an 
authentic sample of 3,9-epoxy-11-ketocholanic acid (5). fa]l>p = +92° + 
2° (20.0 mg. in 4.00 ec. of chloroform). 


Co;H360;. Calculated, C 74.18, H 9.33; found, C 73.94, H 9.53 


SUMMARY 


The probable stereochemical configurations are assigned for twenty-five 
derivatives of the bile acids with one or more substituents in Ring 
C. These compounds are related to cholanic acid, A’: "-cholenic acid, and 
A"-cholenie acid and, in addition, position 3 is substituted with a ketone or 
an a-hydroxyl] group, or is attached to position 9 through an epoxide. 
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THE INFLUENCE OF THYROID ACTIVITY ON THE LIVER 
AND PLASMA LIPIDES OF CHOLINE- AND 
CYSTINE-DEFICIENT RATS 


By PHILIP HANDLER 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, November 13, 1947) 


The effects of choline deficiency on liver lipides have been well established 
and the variations in plasma lipides encountered in clinical hypo- and hy- 
perthyroid states have been thoroughly studied. With the recent finding 
that hypothyroid animals do not exhibit the hepatic damage which results 
from chronic choline deficiency in normal rats (1)! it was thought of interest 
to determine the influence of thyroid activity on the plasma and liver lipides 
of both choline- and cystine-deficient animals. 


EXPERIMENTAL 


The subjects of this study were male rats of the Vanderbilt strain (2). 
After weaning they were grown to 100 gm. on a stock ration and then housed 
in individual cages and fed the experimental diets. The basal diet for all 
groups was prepared as follows: casein 10, sucrose 59, cotton seed oil 10, 
lard 15, cod liver oil 2, salts (3) 3, cholesterol 0.5, and inositol 0.3. In addi- 
tion, to each kilo of diet were added thiamine hydrochloride 3 mg., riboflavin 
5 mg., pyridoxine 3 mg., calcium pantothenate 50 mg., niacin 590 mg., 2- 
methyl-1 ,4-naphthoquinone 3 mg., a-tocopherol 5) mg., and p-aminoben- 
zoic acid 100 mg. All rats received 5 y each of both folic acid and biotin 
twice weekly by pipette. The fo'!lowing materials were incorporated in 
the various diets, as specified in Tables I and II, at the expense of an equiva- 
lent amount of sucrose: choline chloride 0.6, cystine 0.5, thiouracil 0.3, desic- 
cated whole thyroid powder (Armour) 0.2, 0.3, and 0.4 per cent. Hyper- 
thyroidism was produced by feeding thyroid powder and hypothyroidism 
both by thiouracil feeding and by total thyroidectomy performed under 
ether anesthesia when the rats weighed 8) gm. A number of thyroidec- 
tomized animals are not included in Tables I and II, as they never properly 
recovered from the surgical procedure and failed to eat or grow adequately. 

At the conclusion of the experiments the animals were mildly anesthetized 
with nembutal given intraperitoneally, the jugular vein was exposed by 
proper dissection, and 0.1 ml. of heparin solution (Lederle) was administered 
intravenously. About 1 minute later, the animals were exsanguinated by 
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bilateral carotid section and the blood collected in a small porcelain dish. 


By this procedure one may consistently obtain 6 to 8 ml. of blood from a . 


150 gm. rat and proportionately more from larger animals. The blood was 
immediately centrifuged and the plasma saved for analysis. The rats’ 
livers were removed, weighed, and transferred to a bottle containing an 
alcohol-ether (3:1) mixture. 

The analytical procedures were similar to those previously employed but 
with some modification. The livers were transferred to the container of a 
Waring blendor and ground with 8 ml. of alcohol-ether for each gm. of 
liver. The suspension was transferred to a beaker and refluxed for 5 min- 
utes. A round bottom flask with running water was used as a crude but 
efficient condenser. The suspension was filtered, the insoluble matter 
washed with ether, and the combined filtrates evaporated. The residue was 
extracted with warm petroleum ether, and the solution filtered through an- 
hydrous sodium sulfate, evaporated, and weighed. ‘This value was taken 
as the total lipide content of the liver. In a batch of control livers from 
normal stock rats, the results were virtually identical with values obtained 
by prolonged extraction of dried livers with chloroform in a Soxhlet appara- 
tus. For further analysis the lipides were dissolved in petroleum ether and 
suitable aliquots removed. ‘Total cholesterol was determined colorimetri- 
cally by the Liebermann-Burchard reaction with a Coleman spectrophotom- 
eter and lipide phosphorus determined by the Fiske-Subbarow procedure 
after perchloric acid digestion. Total lipides, cholesterol, and phos- 
pholipides were determined in the same manner on the aleohol-ether-soluble 
fraction of heparinized plasma. Phospholipides were calculated by assum- 
ing an average of 4 per cent as the phosphorus content of phosph lipides. 

The first series of animals was maintained on the experimental rations 
for 3 weeks. The nature of the various groups and the results obtained are 
summarized in Table I. The animals of Groups A to D may be taken as 
the controls, from the nutritional standpoint, for this series. Groups E to 
H were choline-deficient, Groups J to L were cystine-deficient, and Groups 
M to O deficient in both choline and cystine. The groups in each nutri- 
tional category are then arranged in order of ascending thyroid activity. 

With respect to the nutritional variables, in animals with no altered 
thyroid function, the results were in accord with previous findings. ‘Thus, 
simple choline-deficient rats showed markedly fatty livers and increased 
liver cholesterol concentration. Neither liver fat nor cholesterol increased 
quite so much in animals deficient in both cystine and choline. ‘The livers 
of rats receiving choline but not cystine contained less total lipide and cho- 
lesterol than any of the other groups. It should be noted that the level of 
choline administration employed under these conditions was just sufficient 
to maintain normal liver lipide and cholesterol concentrations. ‘This pro- 
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vided a rather labile situation, so that the effects of varying thyroid activity 
would be more readily apparent. 

The most dramatic effect of varying thyroid activity noted, under these 
conditions, was on the liver cholesterol fraction and is readily apparent in 
each nutritional category. Hypothyroidism invariably resulted in an ele- 
vated liver cholesterol concentration and hyperthyroidism in a marked de- 
crease therein. In consequence, the highest cholesterol concentration in 
the series was observed in thyroidectomized, choline-deficient rats, while 


TaB_e [ 
Effects of Thyroid Activity on | Liver Lipides of Choline- and C ystine- ‘Deficient Rats 
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A Choline + cystine Thyroidectomy | 8 | 9.8} 35, 6.10, 9.4 | 1.10 | 2.31 
B «4° | Thiouracil 8 | 8.8| 30] 7.43, 11.0 | 1.03 | 2.53 
C es + §§ Normal 16 |10.7| 44) 7.05) 7.1 | 0.35 | 2.52 
pi «« +4 « | Thyroid fed* | 8 | 9.9 33] 5.55! 4.6] 0.19 | 2.54 
E Cystine | Thyroidectomy | 8 9.7] 31) 8.37| 24.3 | 1.61 | 1.63 
F “ | Thiouracil 8 8.6) 27| 9.70] 30.5 | 1.23 | 1.54 
G ee | Normal 16 {10.3} 36)10.11) 23.5 | 0.77 | 1.68 
H ee | Thyroid fed* 8 |10.4| 28} 8.43) 17.8 | 0.39 | 1.89 
J | Choline | Thiouracil 8 | 6.5] 23) 5.27; 5.4 | 0.39 | 2.46 
K “ Normal 16 | 7.1| 20] 4.93] 5.3 | 0.29 | 2.57 
Lb “ Thyroid fed* 1g |7.5\ 2415.38) 4.1 | 0.16 | 2.51 
M | None Thiouracil 8 | 6.9) 26) 6.61) 21.3 | 0.78 | 1.76 
N “ Normal 16 | 6.8} 22, 6.79) 16.1 | 0.41 | 2.04 
| 7.4] 17 6.54) 9.7 | 0.26 | 2.31 


Oo}; « | Thyroid fed* | 8| 7 


* 0. 3 per cent in 1 diet. 


the lowest was in the thyroid-fed, cystine-deficient group. The magnitude 
of this difference is, perhaps, more impressive when the total amounts of 
liver cholesterol in each group are compared. These may be readily cal- 
culated from the data of Table I. Thus, while the cholesterol concentra- 
tion in Group E was 10 times that of Group L, the total liver cholesterols 
were 134.0 mg. and 8.6 mg., respectively, while food consumption was 9.7 
and 7.5 gm. per day respectively. The effects of varying the level of thy- 
roid activity on the neutral fat fraction of the liver lipides were not quite as 
striking. In fact, in each nutritional category, comparison of hyper- or 
hypothyroid animals with the normal controls of that category does not 
reveal differences which are more than barely statistically significant. 
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However, when the hyperthyroid group is compared with the hypothyriod 
group, it becomes obvious that qualitatively the neutral fat behaves in a 
pattern similar to that described for cholesterol; viz., rising in the hypothy- 
roid state and falling in the hyperthyroid state. In accord with previous 
findings (4, 5), the phospholipide fraction of liver under these circumstances 
is reduced in otherwise fatty livers. This fall, however, is deceptive, since 
it represents merely dilution by the other lipide components and actually 
the ratio of phospholipide protein N of the liver remains fairly constant, 
Neither the nutritional nor the thyroid variations produced any change in 
phospholipide concentration which was not accountable in these terms. 

While the extent to which liver fat accumulates in choline-deficient rats 
is, in considerable measure, also a function of the growth rate (4, 6, 7), this 
variable does not seem to have materially affected the present results. It 
is patently impossible to obtain maximal growth under the dietary cir- 
cumstances employed in the production of choline deficiency. Therefore, 
the animals of Group C must be taken as the ‘normal controls” in this 
series. When that is done, it can be seen that in this category the thyroid- 
fed and thyroidectomized rats grew at equal rates, about 75 per cent of that 
of the controls; yet the effects on liver lipides were entirely different. A 
similar situation was observed in the choline-deficient category. None of 
the rats in the two cystine-deficient categories grew well and the differences 
apparent in growth rate among the various groups are statistically insignifi- 
cant. The one anomalous finding in the entire series was the greater neutral 
fat concentration in Group F than Group E. Considering the remainder 
of the series it appears doubtful that this had any real physiological signifi- 
cance. 

In the second series, the experimental period was twice that of the first 
series; viz.,6 weeks. The nature of the various groups and the results are 
summarized in Table II. While not indicated in Table II, cystine was 
added to all the diets of this series and so, nutritionally, there are presented 
only control and choline-deficient animals. While Table II indicates that 
twelve rats were used in each group, actually the entire experiment was 
performed twice, each time with six rats per group. The two experiments 
were in excellent agreement and the values shown in Table II were calcu- 
lated as if a single large study had been made. 

In most respects the results obtained in this series were in agreement with 
those found in the shorter trial. Again, the most prominent deviation from 
the basal conditions induced by alteration of the level of thyroid activity 
was in the cholesterol fraction of the liver lipides. In both nutritional 
categories, the livers of thyroidectomized animals contained about twice 
as much cholesterol as those of the basal animals, while the livers of the 
hyperthyroid rats contained somewhat less than half as much cholesterol 
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as those of the basal animals. Moreover, when compared with the values of 
Table I, it can be seen that cholesterol continued to accumulate in the livers 
of thyroidectomized rats in the second 3 weeks. As in the first series, the 
effects of altered thyroid function on the neutralfat fraction were compara- 
tively small, albeit, nevertheless, real and similar in direction to those 
shown in Table I. The failure of thiouracil to yield results comparable with 
those of thyroidectomy may, perhaps, be attributed to the toxicity of this 
compound. Thus, the rats of Groups B and G ate less and grew more 









































TaBLe II 
Effects of Thyroid Activity on _ Plasma and Liver Lipides of Choline- Deficient Rats 
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* Each group consisted of twelve rats. 


slowly than did the basal controls or thyroidectomized rats. In the same 
manner, while the rats of Groups E and K ate more than those of Groups C 
and H for 5 weeks, their appetites dwindled in the last week, accompanied 
by a weight loss of about 4 gm., and it is difficult to determine the extent 
to which this influenced the results. Nevertheless, the over-all pattern 
seems clearly established. In evaluating these data it must be realized 
that the basal diet for this study contained 0.5 per cent cholesterol, which 
undoubtedly would exaggerate any physiological circumstance which would 
tend to permit an accumulation of hepatic cholesterol, although essentially 
normal values were obtained in the control rats of both series. 

While choline deficiency and hypothyroidism exert similar influences on 
liver lipides, their effects on plasma lipides are opposite in direction. Cho- 
line deficiency resulted in a small, but real, decrease in all fractions of the 
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plasma lipides, while hypothyroidism, in both nutritional categories, re. 
sulted in a marked rise in the plasma lipides which was somewhat more 
striking in the choline-fed than in the choline-deficient rats. Hyperthy- 
roidism occasioned a comparatively slight decrease in the plasma lipides, 
These findings, in direction, are all in keeping with clinical experience with 
alterations in human thyroid function. In the main, total lipides, cho- 
lesterol, and phospholipides behaved in a parallel manner, rising and falling 
under the same circumstances and in a roughly proportional fashion. Of 
these, the phospholipide fraction was perhaps the least consistent, 
It should be remarked that the values for plasma phospholipide found in 
these rats were considerably lower than those usually seen in human sub- 
jects. The mean value for plasma lipide phosphorus concentration for the 
entire series was 2.4 mg. per 1C0 ml. with a range between 1.5 and 3.3. 
Normal human plasma contains 8 to 11 mg. of lipide phosphorus per 100 
ml. with considerably higher values found in the hyperlipemic plasma of 
hypothyroid individuals. Similar low values for lipide phosphorus in rat 
plasma have recently been observed by others.” 


DISCUSSION 


From the data presented in Tables I and IT it would seem established that 
the concentration of cholesterol in the livers of both normal and choline- 
deficient rats varies inversely with the level of thyroid activity. ‘These 
observations are in accord with the findings of Forbes (8) that thyroxine ad- 
ministration augmented the lipotropic action of choline at moderate levels 
of choline feeding. It is unfortunate that this author’s data did not permit 
an evaluation of the effects of thyroxine in choline-deficient rats. In 
another paper from the same laboratory (9) it was found that thiourea feed- 
ing was without effect on liver fat or cholesterol concentration. In view 
of the present findings this may, perhaps, indicate merely that thiourea is 
not as effective as thiouracil or thyroidectomy in the production of an 
experimental hypothyroid state. No definitive statement concerning the 
influence of thyroid activity on the neutral fat of the liver can be made. 
According to the present data hyperthyroidism depresses the accumulation 
of neutral fat in the livers of both control and choline-deficient animals, 
while hypothyroid function operates in opposite fashion. However, the 
differences were small and, while statistically significant, there was some 
overlapping of the various groups. Since the extent of neutral fat accumu- 
lation in choline deficiency is, in a large measure, dependent also upon such 
factors as food consumption, growth rate, toxic agents, and the supply of 
other dietary essentials (4, 6), these relatively small differences found at 


2 Artom, C., personal communication. 
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various levels of thyroid activity are difficult to evaluate. Nevertheless, 
comparison of the lipide content of hyperthyroid and hypothyroid livers 
indicates that the behavior of neutral fat parallels that of cholesterol under 
these circumstances. 

In the present study, the effects of cystine feeding were equally pro- 
nounced on the cholesterol and neutral fat fractions of the liver lipides. 
This was readily apparent at all levels of thyroid activity. Since it has 
been stated that the increased liver fat content which results from feeding 
cystine to choline-deficient rats is the result of an augmented rate of fatty 
acid synthesis (10), this would suggest that cystine feeding may accelerate 
the production of some common precursor of both fatty acids and 
cholesterol, perhaps at the 2-carbon stage. 

The present data do not permit a categorical statement concerning the 
mechanism by which the thyroid regulates fat metabolism. Hypothy- 
roidism results in a relative hyperlipemia and an increased liver fat content, 
while hyperthyroidism has the opposite effect. Since the influence of the 
thyroid is most marked on the liver cholesterol fraction, it seems possible 
that the thyroid specifically controls cholesterol metabolism. That the 
increase in the neutral fat of liver and plasma and of plasma phospholipides 
which results from hypothyroidism may all be secondary to the behavior of 
cholesterol under these conditions appears quite likely in view of the work 
of Popjak (11), who has shown that feeding emulsified free cholesterol re- 
sults in a marked rise in the concentration of all plasma lipides at the ex- 
pense of depot neutral fat. Since no measurements of extrahepatic tissue 
fat were made in the present study, it is not possible to state whether the 
thyroid regulates the rate of cholesterol synthesis and utilization or its 
transport and distribution. This question can best be answered with the 
aid of the isotope tracer technique. 

Hypothyroidism induced by thyroidectcmy! or by feeding thiouracil (1), 
p-aminobenzoic acid,! or sulfonamides! protects rats against the cirrhosis 
which usually results from the ingestion of choline-deficient diets. In the 
present study it has been found that, with all other conditions being held 
constant, hypothyroid activity actually augments the usual accumulation 
of liver lipides in choline-deficient rats. It appears, therefore, that unless 
hepatic metabolism is proceeding at the rate dictated by at least normal 
thyroid function, the severe hepatic necrosis and fibrosis of choline 
deficiency do not occur, despite the fact that the parenchymatous liver 
cells are engorged with masses of lipide material. This situation is analo- 
gous to the previous finding that the extremely fatty livers which result from 
the addition of nicotinamide to a diet containing 18 per cent casein do not 
undergo the usual necrosis and fibrosis observed in the fatty livers resulting 
from choline deficiency on a low protein diet (7). It recalls also the fact 
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that liver damage due to experimental hyperthyroidism has only been ob- 
served when accompanied by some other toxic agent such as carbon tetra- 
chloride (12), anoxia (13), staphylococcus toxin (14), or rabbit papilloma 
virus (15), although none of these are, of themselves, hepatotoxic under the 
conditions employed. 

The alterations in the levels of plasma lipides which were induced by 
choline deficiency and by varying levels of thyroid activity were in accord 
with all previous findings. The diminution in plasma lipides is consistent 
with the concept that the fatty liver of choline-deficient rats is due to a 
failure of phospholipide synthesis and consequently of fat transport from 
the liver. Hyperthyro‘dism did not diminish the plasma lipides as 
markedly as is sometimes encountered in Grave’s disease. Hypothy- 
roidism, however, resulted in an elevation of plasma lipides which was more 
pronounced in choline-fed than in choline-deficient animals. Experimen- 
tally, the hyperlipemia of hypothyroidism has been observed in dogs (16) 
and rabbits (17), but not monkeys (18). In the doz, the degree of the 
lipemia was determined by the animal’s appetite. It may well be that the 
failure to find an appreciable drop in the plasma lipide concentration of 
thyroid-fed rats and the exaggerated hyperlipemic response to thyroidec- 
tomy and thiouracil feeding was the result of the use of a basal diet high in 
fat and cholesterol in the present study. 
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Duke University Research Council. The author’s thanks are also due to 
Miss Ludie Avery and Miss Eunice Jones for their technical assistance and 
to Merck and Company, Inc., and the Lederle Laboratories Division, 
American Cyanamid Company, for supplies of crystalline vitamins. 


SUMMARY 


1. Hypothyroidism, produced both by thyroidectomy and by thiouracil 
feeding, resulted in a marked increase in the cholesterol concentration and 


a relatively small increase in the neutral fat content of the livers of both ' 


control and choline-deficient rats. 

2. Thyroid feeding resulted in a pronounced decrease in the cholesterol 
concentration and a slight decrease in the neutral fat concentration of the 
livers of both control and choline-deficient rats. 

3. Cystine deficiency partially prevented the accumulation of neutral fat 
and cholesterol in the livers of normal and choline-deficient rats. The ef- 
fects of cystine deficiency and thyroid feeding were cumulative and cystine 
deficiency partially offset the accumulation of liver lipides in hypothyroid 
rats. 

4. The plasma lipide concentrations of choline-deficient rats were some- 
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what reduced below those of normal rats. Thyroid feeding slightly dimin- 
ished plasma lipides of both series, while in hypothyroidism the plasma 
lipide concentrations of both series were greatly increased. 
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5. The significance of these findings is discussed. 
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HISTOCHEMICAL DISTRIBUTION OF PEPTIDASE ACTIVITY IN 
THE CENTRAL NERVOUS SYSTEM OF THE RAT 
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(From the Department of Biologicak Chemistry, Harvard Medical School, Boston, and 
the McLean Hospital Research Laboratories, Waverley, Massachusetts) 


(Received for publication, November 20, 1947) 


Recent advances in knowledge of the action of tissue proteolytic enzymes 
have indicated that they may play a réle in both normal and abnormal 
growth processes (1-3). As a measure of one aspect of proteolytic activity 
and as a background for a survey of the distribution and types of specificity 
of catheptic enzymes in the central nervous system and the neoplasms to 
which its cellular constituents give rise, the peptidase activity of different 
portions of the nervous system has been investigated. 

Previous studies on proteolytic enzymes in nervous tissue (4-6) have 
been upon extracts of whole brain or peripheral nerve and have demon- 
strated the presence in such preparations of enzymes capable of splitting a 
number of protein and peptide substrates. In addition, Zeller and Maritz 
(7) have reported that characteristic patterns of proteolytic activity are 
exhibited by different portions of the forebrains of several species. Because 
of the variations in cellular composition of different portions of the central 
nervous system, it seemed desirable to compare the proteolytic activity of 
each of its principal divisions against a single substrate, and to use micro- 
analytical methods in order to obtain simultaneous histological control of 
the observations made. 


Methods 


Adult rats of Wistar strain were killed by decapitation, and the brain 
and upper dorsal and cervical portions of the spinal cord removed immedi- 
ately and frozen in a mixture of crushed dry ice in petroleum ether (tem- 
perature —78°). For purposes of comparative enzyme estimation, the 
brain was divided into forebrain (cerebral hemispheres), brain stem, and 
cerebellum by section of the appropriate peduncles, and portions of the 
cervical segments of spinal cord were similarly studied. The technique 
for preparation of the tissue was that developed by Linderstrém-Lang 
and Mégensen (8), and for quantitative histochemical determination of 
peptidase activity the method of Linderstr@m-Lang and Holter (9) was 
employed without essential changes. Uniform cylinders, 4 mm. in di- 
ameter, of the tissues were punched out (in the case of the spinal cord, 
coronal segments were used), and serial frozen sections, 20 u in thickness, 
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cut from each with a microtome maintained at —15° in a cryostat. For 
each observation, four uniform serial sections were prepared. 

The first section was fixed in 10 per cent formalin and stained by the 
Giemsa method for microscopic examination. 

The second and third sections were extracted for 20 to 24 hours at 5° 
with 10.3 c.mm. of 30 per cent glycerol solution buffered with 4 per cent 
M/15 phosphate at pH 7.0. The extracts, including the sections, were 
then used respectively as the experimental and autolysis control prepara- 
tions for determination of the amount of cleavage of 6.9 e.mm. of a 0.2 y 
solution of pi-alanylglycine in 0.03438 n NaOH after suitable periods of 
incubation of enzyme extract with substrate at 38°. The racemic di- 
peptide was used as in the original method. Activators of proteolytic 
enzymes, e.g. cysteine and manganese, were not included in the reaction 
mixture. It has been shown that the splitting of pL-alanylglycine by yeast 
and intestinal mucosa is not enhanced by such substances and may even 


be partially inhibited (10, 11). Furthermore, it seemed reasonable to 


obtain comparative data under essentially in vivo environmental condi- 
tions. The pH was, therefore, maintained at 7.0, and effective buffering 
found to take place, since the reaction of the mixture varied inappreciably 
during the course of hydrolysis. Liberated amino groups were determined 
by titration in acetone with 0.05 N HCl in 95 per cent alcohol with naphthyl 
red as indicator, the proteolytic reactions having previously been termi- 
nated by addition of 33.8 ¢.mm. of 0.05 x HCl in acetone to the enzyme- 
substrate mixture. 

The fourth section of each series was placed in a desiccator over phos- 
phorie anhydride and left overnight in a cryostat at 0° to —15°. Its dry 
weight was subsequently determined by means of the quartz torsion balance 
described by Lowry (12). Some of these sections were then extracted in 
xylene for 5 to 10 minutes, and reweighed to obtain their fat-free dry weights. 

In most instances, duplicate determinations were made for each experi- 
mental point, but some single observations are included in the data pre- 
sented. Peptidase activity has been expressed in terms of the volume of 
0.05 xn HCl necessary to neutralize the freed amino groups per microgram 
of dry weight of the adjacent section of the series. 

RESULTS AND DISCUSSION 

Preliminary experiments were carried out to establish the relationship 
between the length of the period of hydrolysis and the amount of splitting 
of equivalent amounts of substrate by extracts of sections of four principal 
divisions of the central nervous system: the cerebral hemispheres, brain 
stem, cerebellum, and spinal cord. Typical examples of the peptidase 
activity of each as a function of length of hydrolysis are presented graphi- 
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Fic. 1. Relation of peptidase activity of various portions of the central nervous 
system to the length of enzymatic hydrolysis (@ cerebrum, © cerebellum, X brain 
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Fig. 2. Relation of peptidase activity of glycerol extracts to the number of uni- 
formly cut microtome sections of cerebral hemisphere extracted. 


cally in Fig. 1. ‘The enzymatic splitting of the substrate is clearly a linear 
function of the hydrolytic period for about 45 minutes, and, therefore, 
within this temporal range the kinetics of the reaction are of zero order. 
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TABLE [I 


Comparative Peptidase Activity of Cerebral Hemisphere, Brain Stem, Ce rebellum, and 
Spinal Cord 
| ro Averag 


, a = ae - .| Average ite 
Portion of cen- | Experi-|7: ey . iter of HCl),; - f ' 
Portion of cen- | Experi Titer of 0.05 Dry weight Piter of HCl titer of du-| Fat-free HCl pe 








——— | met PSP RRCt of section gent FY | plicate X dry weight! fat-free - 
| | 10 weight 10 
| c.mm. | Y c.mm c.mm., 7 c.mm c.mm 
Cerebral 1 5.35 | 38.1 0.140 14.0! 30.3. 0.178 17.8 
hemisphere 2 5.63 46.0 0.122 12.2; 37.5 0.150 15.0 
6.41 | 52.3 0.122 12.7| 41.8 | 0.153 16.5 
| 6.25 | 47.3 0.132 35.4 0.177 
4 | 4.90 | 56.7 0.086 sa) 2 0.132 13.2 
5.25 58.4 0.090 
| 5 | 6.04 45.3 0.133 12.9! 37.8 0.160 16.0 
| 5:07 | 4h7 0.125 
6 | 6.10 53.8 0.113 11.4 39.1 0.156 15.6 
5.14 44.5 0.115 sk | 0.155 
7 5.89 58.8 0.100 10.0 45.3 0.130 3.0 
8 | 6.20 58.4 0.106 10.6 39.0 0.159 15.9 
9 | 5.41 49 .2 0.110 LEM | “Sask 0.159 15.9 
12 | 8.52 71.0 0.120 12:0: | Sies 0.166 16.6 
Average. . 11.6 15.6 
S.E.....--| +0.46 +0.43 
Brain stem | 4 4.15 62.4 0.067 6.7 
4.29 65.0 0.066 
5 5.05 66.8 0.076 8.1 11.0 0.123 12.6 
4.27 50.3 0.085 33.1 0.129 
Ss 4.85 64.9 0.075 TDi) Bese 0.127 127 
9 5.08 70.1 0.073 t.0 16.3 0.110 11.0 
10 5.47 80.4 0.068 7.4 53.0 0.103 11.2 
5.88 taco 0.080 48.5 0.121 
12 7.00 64.0 0.109 10.9 47.4 0.148 14.8 
13 4.45 59.2 0.075 7.8 46.3 0.096 10.1 
1.358 54.4 0.081 $1.9 0.105 
Average. 8.0 12.1 
ee +0.49 +().61 
Cerebellum 4 6.11 61.9 0.099 10.1 10.0 0.153 15.3 
6.52 63.2 0.103 
5 6.93 49.8 | 0.139 13.0 37.8 0.183 17.0 
6.77 56.4 0.120 43.4 0.156 
6 6.52 55.6 0.117 11.2 38.9 0.168 16.5 
6.20 57.8 0.107 38.2 0.162 
8 6.37 64.8 ().098 9.8; 41.6 0.153 15.3 


9 7.16 67.4 0.106 bi 46.2 0.155 17.0 
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erage Titer of |. Average 
so porch Expert vite of 0-05 Dry weight a ig tterof da jFat fee HCI per 7 te et 7 
“system No, | % ote) ae ee ee [weight “Xx 
| | 
c.mm. ¥ c.mm. | c.mm. 7 c.mm. c.mm. 
Cerebellum 6.77 58.2 0.116 | 36.9 0.184 | 
—continued | 10 7.98 51.3 0.155 | 15.4| 42.3 | 0.189 | 18.9 
8.04 52.8 0.152 | | 43.6 | 0.189 | 
12 8.35 46.8 0.178 | 17.8} 38.9 | 0.215 | 21.5 
13 6.73 64.4 0.105 | 10.4) 41.9 | 0.161 15.9 
6.90 67.3 0.103 | | 44.2 | 0.156 
Average. . | | | | 12.4 | 17.2 
ee | | +0.96 +0.71 
Spinal cord! 4 | 1.28 | 18.8 | 0.068 | 6.8] 15.3 | 0.084 8.4 
5 3.42 49.7 | 0.069 | 7.2| 32.7 | 0.105 | 11.5 
3.87 52.4 0.074 | | 31.1 | 0.124 
6 3.07 48.5 | 0.063 | 6.3| 30.3 | 0.101 | 10.1 
8 | 4.10 | 68.8 | 0.060 | 6.0] 
9 2.38 43.4 0.055 6.4 | 13.7 
3.57 49.8 | 0.072 | | 26.0 | 0.137 | 
12 4.82 71.0 0.068 | 8.2) 47.1 | 0.102 | 12.3 
6.35 66.8 0.095 | | 44.0 | 0.144 
13 3.76 43.9 0.086 8.6 | 29.4 | 0.128 12.8 
Average. . | | a | 11.5 
a | +£0.34 | +0.74 


Consequently, in order to insure comparability of results for the subse- 
quent experiments on the comparative peptidase activity of different 
portions of the nervous system, a standard incubation period of 30 minutes 
was used, assuring that the cleavage of substrate would be independent 
of the concentration of the latter and dependent only on the amount of the 
enzyme present. 

In order to determine whether the peptidase activity is directly related 
to the number of sections extracted, an experiment was performed in which 
duplicate sets of one, two, three, and four sections of cerebral hemisphere 
were extracted, and the activity of the extracts measured in the presence of 
the sections after 10 minutes of hydrolysis of the substrate by each. The 
results are plotted in Fig. 2 which shows that the enzyme activity is a linear 
function of the number of sections extracted. 

Finally, that complete extraction of the enzyme was being brought about 
by the procedure was demonstrated by extracting single sections with one, 
two, three, and four aliquots of glycerol solution and finding that the re- 
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sulting extracts exhibited similar degrees of peptidase activity (averages 
of duplicate determinations following 30 minutes hydrolysis were 0.099, 
0.085, 0.093, 0.093 e.mm. of 0.05 n HCl per y of dry weight of section 
respectively). 

A series of experiments was then carried out to compare the peptidase 
activity in extracts of sections cut from cerebral hemispheres, cerebellum, 
brain stem, and spinal cord. Table I summarizes the results of these 
experiments. 

The data show that on a dry weight basis the cerebral and cerebellar 
hemispheres exhibited a significantly greater degree of peptidase activity 
than did the spinal cord and brain stem. ‘The titer of 0.05 Nn HCl (¢.mm.) 
necessary to neutralize the amino groups liberated during 30 minutes of 
hydrolysis per microgram of dry weight of section averaged 0.116 (+ 
standard error 0.005) for cerebral hemisphere 0.080 (+ s.¥. 0.005) for brain 
stem, 0.124 (+ s.z. 0.010) for cerebellum, and 0.071 (+ s.&. 0.003) for 
spinal cord. 

The anatomical controls revealed an expectedly larger proportion of gray 
matter and hence of nerve cell bodies in the sections of cerebrum and 
cerebellum than in those of brain stem and spinal cord. Because of the 
higher proportion of medullated fibers in the brain stem and spinal cord, 
some of the desiccated sections from each group were defatted in xylene, 
and the enzyme activities expressed in terms of the fat-free dry weights 
(Table I). The results show that significant differences in activities be- 
tween the groups also exist even when the myelin sheaths are ruled out as 
contributors to the mass of tissue. The average titers of HCi expressed in 
terms of xylene-defatted dry weights amounted to 0.156 e.mm. (+ s.£ 
0.004) for cerebral hemisphere, 0.121 (+ s.£. 0.006) for brain stem, 0.172 
(+ s.k£. 0.007) for cerebellum, and 0.115 (+ s.z. 0.007) for spinal cord. 

These results suggest that nerve cell bodies and their dendrites have a 
higher peptidase activity than their axones. ‘To verify this impression, 
an experiment was performed on sections of the corpus callosum which 
contains no nerve cell bodies. The average titer of nine determinations 
was only 0.046 c.mm. of 0.05 n HCl per microgram of dry weight and 
0.064 c.mm. per microgram of dry weight of xylene-defatted material. 

Thus, it appears that the peptidase activity is more closely related to 
the number of neuronal cell bodies than to the total protoplasmic mass. 
Experiments are at present under way to test the validity of this hypothesis 
by measurement of the laminar distribution of peptidase activity in the 
cerebral cortex as a function of the density of the nerve cell body popula- 
tion. At any rate, it is apparent that determinations of proteolytic ac- 
tivity made on preparations of whole brain are not necessarily representa- 
tive of any of its parts, and that such studies must take into account the 
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striking anatomical variations which different parts of the central nervous 
system display. 


SUMMARY 


Quantitative histochemical estimations of peptidase activity in the 
central nervous system of the rat have revealed that the splitting of pL- 
alanylglycine is accomplished more rapidly by extracts of the cerebral and 
cerebellar hemispheres than by similar preparations of brain stem and 
spinal cord. 


The degree of enzyme activity appears to be related to the number of 
nerve cell bodies present in the sample of tissue analyzed. 


The authors gratefully acknowledge their indebtedness to Professor A. B. 
Hastings for invaluable assistance during pursuit of the foregoing studies. 
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THE INHIBITION OF MICROBIAL GROWTH BY 
6-2-FURYLALANINE* 
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The effect of 8-2-thienyl-pL-alanine, an isostere of phenylalanine, upon 
the growth of Saccharomyces cerevisiae, Escherichia coli, and certain other 
microorganisms has been reported by du Vigneaud and coworkers (1, 2) 
and by Beerstecher and Shive (3). Thienylalanine was inhibitory toward 
the growth of these organisms, and the inhibition was counteracted by 
phenylalanine. These investigators found that as the concentration of 
phenylalanine in the medium was increased larger amounts of thienyl- 
alanine were required to produce inhibition of growth. Thus, thienylalanine 
was shown to act as an “antiphenylalanine” for these microorganisms. 

Since furan compounds are isosteres of analogous thiophene compounds 
(4), it seemed desirable to study the effect of 8-2-furylalanine on the growth 
of microorganisms and to compare its activity with that of 8-2-thienyl- 
alanine. 

In this paper the authors wish to report the inhibitory action of B-2- 
furyl-pu-alanine upon the growth of Saccharomyces cerevisiae and Escher- 
ichia coli and the effects of naturally occurring amino acids on the toxicity 
of furylalanine. 


EXPERIMENTAL 


8-2-Furyl-pi-alanine—The method described by Herz, Dittmer, and 
Cristol (5) was employed for the preparation of 8-2-furyl-pL-alanine which 
was used in all of the experiments described below. 

Amino Acids—Mbost of the amino acids used were obtained from com- 
mercial sources. L-Proline and hydroxy-L-proline were obtained through 
the courtesy of Dr. EF. 2. Howe of Merck and Company. 

Inhibition of Growth of Saccharomyces cerevisiae, Fleischmann’s Strain 139 
—The technique followed in the yeast growth experiments and the medium 
and supplement used in this work with yeast were the same as those pre- 
viously described (2, 6) except that commercial sucrose was used without 
purification. 6.2 ml. of medium were added to 1.0 ml. of water containing 

* This work was supported in part by a research contract with the Office of Naval 
Research. 


t Present address, Department of Biochemistry, University of Utah, Salt Lake 
City, Utah. 
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the various additions, making a total of 7.2 ml. per assay tube (20 * 159 
mm.). wit 

The effect of increasing amounts of furyl-pL-alanine upon the growth of the 
Saccharomyces cerevisiae is illustrated in Fig. 1. An average of 140 y of we 
furyl-pt-alanine per 7.2 ml. was required to inhibit growth to 50 per cent tec 


of normal. To inhibit yeast growth in the presence of various amounts of 
pL-phenylalanine, additional amounts of furyl-pL-alanine were necessary, 
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cent inhibition of growth, when related to the amount of pi-phenylalanine 
present, was a constant ratio over the range of concentrations shown in ing 
Table I. (2) 
To reverse the growth inhibition to 50 per cent of normal inhibition ! 
when varying amounts of furyl-p.-alanine were present, increasing amounts she 
of pu-phenylalanine were required. The data in Table II show that the 
ratio of the amount of furyl-pL-alanine present to the amount of pi-phenyl- Vir 
alanine required to produce half nullification of the toxicity is nearly con- ‘ti 
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Inhibition of Growth of Escherichia coli—-The medium used in the work 
with EZ. colt’ was the same as that described by MacLeod (7), except that 
the pH was adjusted to 7.2. As in the work with yeast, 6.2 ml. of medium 
were added to 1.0 ml. of water containing the various additions. The 
technique of inoculation of the tubes with the E. coli culture and of measur- 


TaBLe I 
Relationship between Furylalanine and Phenylalanine for Inhibition of Growth of Yeast 




















pt-Phenylalanine added | Furyl-pt-alanine added per 7.2 ml. for 50 per cent Furylalanine 
per 7.2 ml. inhibition of growth Phenylalanine 
Ss | Y y* molar ratio 
0 140 
10 158 18 1.9 
50 216 76 1.6 
100 | 325 185 2.0 
200 525 385 2.0 


* Values in this column are the amounts of furylalanine that had to be added 
above the amount (140 7) required to produce 50 per cent inhibition without added 
phenylalanine. Since 140 y of furylalanine were required to inhibit growth to 50 
per cent of normal, this value is subtracted from the amounts of furylalanine required 
to give 50 per cent inhibition in the presence of added phenylalanine. This gives 
a true relationship between the amounts of phenylalanine added and the extra 
furylalanine required to produce 50 per cent inhibition again. These amounts are 
used to calculate the molar ratios of furylalanine to phenylalanine. 





Tare II 
Half Nullification of Toxicity of Furylalanine by Phenylalanine 
Furyl-pt-alanine present | DL-Phenylalanine required for 50 _Furylalanine 
per 7.2 ml. | per cent nullification of toxicity | Phenylalanine 








Om Y | molar ratio 

200 | 150 1.42 

500 290 1.83 
1000 575 1.85 
2000 1180 1.82 








ing the growth was the same as that employed by Dittmer and coworkers 
(2). 

A typical curve illustrating the inhibition of growth of Escherichia coli is 
shown in Fig. 2. An average of 12.4 y of furyl-pL-alanine per 7.2 ml. was 


1 The Escherichia coli culture was an unidentified strain obtained from Professor 
Vincent du Vigneaud and was the same as that used in the studies with thienylala- 
nine (2). 
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Fic. 2. Inhibition of the growth of Escherichia coli by furylalanine 





TABLE III 
Inhibition of Growth of Escherichia coli by Furylalanine in Presence of Phenylalanin 
pi-Phenylalanine added | Furyl-pt-alanine added per 7.2 ml. for 50 per cent Furylalanine 
per 7.2 ml. | inhibition of growth Phenylalanine 
+ | + * | molar ratt 
0 | 13.2 | | 
0.5 30.8 17.6 38 
1.0 | 49.5 36.3 39 
2.0 | 60.6 47.4 24 
5.0 | 170 | 157 33 
10 | 845 | $32 | 88 
20 | 1770 1757 | 93 


* Values in this column are the amounts of furylalanine that had to be added 
above that amount required to produce 50 per cent inhibition without added pheny! 
alanine. 


required to produce 50 per cent inhibition of growth. When inhibition 
was obtained in the presence of various amounts of pL-phenylalanine, 
additional furyl-pL-alanine was required to produce 50 per cent inhibition 
of growth. The ratio of additional furylalanine to phenylalanine present 
was not constant at the levels tested, as is shown in Table III. 
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With increasing amounts of furyl-pL-alanine, larger amounts of DL- 
phenylalanine were required to nullify by half the toxicity of the furylalanine; 
the ratio of these quantities was nearly constant at higher levels of furyl- 
alanine, as is shown in Table IV. 


TABLE IV 


Nullification by Phenylalanine of Inhibition of Escherichia coli Growth 
by Furylalanine 


“epee tes a ap | DL-Phenylalanine required for 50 Furylalanine | 
areal deal leas per cent nullification of toxicity Phenylalanine 
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Fic. 3. The effect of various amino acids on the toxicity of 200 y of furylalanine on 
the growth of Saccharomyces cerevisiae. 


Effect of Amino Acids Other Than pu-Phenylalanine in Nullifying Furyl- 
alanine Toxicity—A level of 200 y of furyl-pt-alanine per 7.2 ml. was chosen 
as a reference point at which to study the effect of amino acids other than 
phenylalanine on the furylalanine toxicity on yeast. The growth curves 
in Fig. 3 illustrate the results obtained with the amino acids which showed 
appreciable activity in counteracting the toxicity of furylalanine. 
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hic. 5. The effect of slightly active amino acids on the toxicity of 20 y of furylala 
nine on the growth of Escherichia coli. 


or a similar study with Escherichia coli, a level of 20 y of furylalanine 
per 7.2 ml. was selected. The results obtained are illustrated by the 
curves in Figs. 4 and 5. 

The effects of most of the naturally occurring amino acids on the toxicity 
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of furylalanine on both Saccharomyces cerevisiae and Escherichia coli are 
shown in Table V. 

Those amino acids which counteracted the growth inhibition of either 
organism are listed first, with their relative effectiveness compared with 
pi-phenylalanine taken as 100 per cent. The comparisons were made at 
the levels of amino acids which were necessary to obtain growth at a level 
half way between normal growth and the level of inhibited growth due to 


TABLE V 


Nullification of Furylalanine Inhibition of Growth of Saccharomyces cerevisiae and 
Escherichia coli by Various Amino Acids 


For S. cerevisiae For E. coli 
Amount re- Amount re-_ | 
\quired for 50 per, Effective- quired for 50 per  Effective- 
Amino acid Soe of ine | ane Amino acid ‘ion of toute | eee 
tion by 200 basis tion by 20 y | basis 
furylalanine furylalanine 
; | ¥ per cent 7 | per cent 
pt-Phenylalanine 90 100 pL-Phenylalanine 0.34 (100 
i-Leucine 200 36 | L-Tyrosine » 0.68 | 55 
pL-Isoleucine 550 13 pu-Tryptophan 1.0 | 42 
pL-Tryptophan 950 12 | pt-Methionine 50 | 0.61 
pt-Methionine 2300 3.5 | put-Isoleucine 68 | 0.40 
pi-Valine 2200 2.9 | u-Leucine 225 | 0.12 
pL-Alanine 6000 <1.0  u-Cysteine HCl 420 | 0.06* 
L-Proline 1950 0.05* 
L-Histidine HC1-- 4280 — 0.05* 
ILO 
Inactive: L-tyrosine, L-cysteine HCl], t- | Inactive: pi-valine and pL-alanine 


proline, L-histidine HCl 


Inactive for both organisms: glycine, DL-serine, puL-threonine, L-aspartic acid, 
L-asparagine, L-glutamic acid, hydroxy-.-proline, L-lysine HCI, L-cystine 


* The possibility of contamination with more active amino acids is not ruled out 
for these results. 


the presence of 200 y of furylalanine in the case of yeast and 20 y with 
Escherichia coli. This is the growth level which represents 50 per cent 
nullification of the toxicity of furylalanine. 


DISCUSSION 


It will be noted from the data of Table V and Figs. 3, 4, and 5 that 
phenylalanine is the most active amino acid for the reversal of the furyl- 
alanine inhibition of both yeast and Escherichia coli growth. This would 
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indicate that furylalanine, like thienylalanine, is an “antiphenylalanine” 
for these two organisms. However, leucine, isoleucine, and tryptophan algo 
have an appreciable effect on inhibition of yeast growth by furylalanine, 
For the reversal of the inhibition of the growth of FE. coli, tyrosine and 
tryptophan had a high degree of activity. This is similar to the effect that 
these amino acids have on the toxicity of thienylalanine. Beerstecher and 
Shive (3) suggested that tryptophan is a precursor of phenylalanine for the 
strain of EZ. coli which they used in their work. Just in what way the 


TABLE VI 


Comparison of Effects of B-2-Thienyl-pu-alanine and B-2-Furyl-pu-alanine on Growth 
of Saccharomyces cerevisiae and Escherichia coli 


For S. cerevisiae For E. coli 
Properties compared ; can anmactereepeiepee Ih paneen ieee ears SL ad = 
Thienylalanine Furylalanine Thienylalanine Furylalanine 
Amount required for 50% 42.574 140 y 1.88 y per | 12.4 y per 
inhibition of growth 6.0 ml. 7.2 mi, 
Ratio, antagonist to phenyl-| 0.83 2.0 24* Not constant 


alanine for inhibition in 
presence of phenylalanine 
Ratio, antagonist to phenyl-| 0.55 1.83 22° 84* 
alanine for reversal of in-| 
hibition | 





Amino acids reversing toxicity 


| per cent per cent per cent per cent 


pL-Phenylalanine | 100} 100 100 100+ 
L-Tyrosine Inactive Inactive | 140 55 
pL-Tryptophan 8.0 12.0 78 | 42 | 
L-Leucine 13.2 (DL-) 36 (L-) 0.15 (pL-) 0.12 (L-) 
pL-Isoleucine | (8:3 13 0 0.4 


* Constant at higher levels only. 
+ In this comparison, the activity of phenylalanine is taken as 100 per cent. 


amino acids which showed an appreciable activity in counteracting the } 
“antiphenylalanine” properties of furylalanine are related to phenylalanine 
remains to be determined. 

A comparison of the properties of thienylalanine (2) and those of furyl- 
alanine shows that these two metabolite antagonists are acting in identical 
manners; this can be seen by the comparative data of Table VI, which 
indicate that 6-2-furyl-pL-alanine is approximately 30 per cent as active | 
toward Saccharomyces cerevisiae and 15 per cent as active toward Escher- 
ichia coli as B-2-thienyl-pL-alanine. 
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The authors wish to express their appreciation to Mrs. Hester Purdy 
MeNulty and Mrs. Charmion McMillan for checking some of the micro- 
biological results. 


SUMMARY 


§-2-Furyl-pL-alanine inhibited the growth of Saccharomyces cerevisiae and 
Escherichia coli and phenylalanine reversed this toxicity. To inhibit 
growth to 50 per cent of normal required 140 y and 12.4 + per 7.2 ml. for 
yeast and Escherichia coli, respectively. 

For Saccharomyces cerevisiae, L-leucine, DL-tryptophan, and pL-isoleucine, 
although less effective than pL-phenylalanine, also counteracted the tox- 
icity of furylalanine, while pu-valine, pL-methionine, and pL-alanine were 
slightly effective. 

For Escherichia coli, u-tyrosine and puL-tryptophan were about half as 
effective as pL-phenylalanine in counteracting the toxicity of furylalanine, 
while pL-methionine, DL-isoleucine, L-leucine, L-cysteine, L-proline, and L- 
histidine were slightly active. 

The ‘‘antiphenylalanine” properties of 8-2-furylalanine were found to be 
quite similar to those of 8-2-thienylalanine. 
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THE SYNTHESIS AND MICROBIOLOGICAL PROPERTIES 
OF TWO ISOMERIC NAPHTHYLALANINES* 


By KARL DITTMER, WERNER HERZ,+t ano STANLEY J. CRISTOL 
(From the Department of Chemistry, University of Colorado, Boulder) 


(Received for publication, October 10, 1947) 


If, in the indole ring of the tryptophan molecule, the —NH— radical is 
replaced by the vinylene group, the isosteric 8-l-naphthylalanine is 
obtained. As part of a program for the preparation and microbiological 
investigation of synthetic analogues of natural amino acids, it was decided 
to study the influence of this compound and of the isomeric 6-2-naphthyl- 
alanine on the growth of microorganisms. 

Both 8-1- and 8-2-naphthylalanine were first synthesized by Kikkoji (1) 
from the corresponding aldehydes by condensation with hippuric acid, 
reduction, and subsequent hydrolysis. Sasaki and Kinose (2) obtained 
6-1-naphthylalanine by the diketopiperazine method (3), but no microbial 
growth inhibition studies have been reported. 

Since 1-chloromethylnaphthalene and 2-bromomethylnaphthalene are 
easily available, it was thought that application of the recently developed 
acetamidomalonic ester (4, 5) and acetamidocyanoacetic ester (6) syntheses 
might result in good yields of the desired naphthylalanines. Accordingly, 
1-chloromethylnaphthalene was condensed with ethyl acetamidomalonate 
in the usual fashion (4, 5). The intermediate was not isolated but was 
hydrolyzed immediately with 48 per cent hydrobromic acid to give the 
desired amino acid in 74 per cent yield. In an article appearing after this 
work was completed, Erlenmeyer and Grubenmann (7) reported the syn- 
thesis of 8-l-naphthylalanine through the same intermediate, which was 
then hydrolyzed with alkali, but these workers claimed that acid hydrolysis 
was not as satisfactory. Our results would indicate that hydrolysis with 
48 per cent hydrobromic acid is as successful as alkaline hydrolysis. 

The same amino acid was prepared in equally good yield, by the use of 
ethyl cyanoacetamidoacetate. The intermediate, isolated in 98 per cent 
yield, was hydrolyzed by alkali to the amino acid in 78 per cent yield. 

Condensation of 2-bromomethylnaphthalene with ethyl acetamido- 
malonate and subsequent acid hydrolysis of the intermediate gave a 65 
per cent yield of 8-2-naphthylalanine. 

* This work was in part supported by a research contract with the Office of Naval 
Research. 


+ Present address, Department of Chemistry, University of Illinois, Urbana, 
Ilinois. 


323 











324 NAPHTHYLALANINES 


Neither §-l-naphthylalanine nor £-2-naphthylalanine inhibited the 
growth of Escherichia coli, Lactobacillus casei, Lactobacillus arabinosus 17-5, 
two strains of Neurospora, or Saccharomyces cerevisiae. 


EXPERIMENTAL 


B-1-Naphthylalanine Synthesis with Ethyl Acetamidomalonate—1.15 gm, 
of sodium, purified by being boiled in xylene, were added to 50 ml. of 
absolute ethanol. After the sodium had dissolved completely, 10.9 gm, 
of ethyl acetamidomalonate and 9.2 gm. of 1-chloromethylnaphthalene (8) 
were added. The mixture was refluxed for 2 hours, cooled, and evaporated 
in vacuo to a syrup. The residue was diluted with water and the water 
decanted after an hour. The material remaining in the flask was boiled 
with 75 ml. of 48 per cent hydrobromic acid for 7 hours. The hydrobro- 
mide which separated on cooling the mixture was filtered, dissolved in 100 
ml. of hot water, treated with charcoal, filtered, neutralized with ammo- 
nium hydroxide, and cooled. 8 gm., representing a 66 per cent yield of 
8-1-naphthylalanine, separated. 

Synthesis with Ethyl Cyanoacetamidoacetate—To 50 ml. of absolute 
ethanol containing 1.15 gm. of sodium and 7.8 gm. of ethyl cyanoaceta- 
midoacetate were added 9.2 gm. of 1-chloromethylnaphthalene. After 
being refluxed for 2 hours, the mixture was cooled and evaporated to a 
small volume in vacuo. The residue was stirred with water and the water 
decanted after an hour; the syrup solidified overnight. On recrystalliza- 
tion from an ethanol-water mixture, 15.8 gm. of white crystals, m.p. 
125° (uncorrected), of ethyl a-acetamido-a-cyano-8-(1-naphthyl)-propionate 
were obtained in 98 per cent yield. 


CisHisN2O; (310.4). Calculated, N 9.03; found, N 9.14 


To hydrolyze the intermediate, 10 gm. were refluxed for 17 hours with 
80 ml. of water containing 10 gm. of sodium hydroxide. The solution was 
cooled, neutralized to pH 5 to 6 with dilute hydrochloric acid, and chilled. 
The product was purified by treatment with charcoal in acid aqueous solu- 
tion and recovered after neutralization with ammonium hydroxide, 5.2 gm. 
of B-1-naphthylalanine being obtained. After one more recrystallization 
from hot water, the substance melted at 240° (capillary), as reported by 
Kikkoji (1), and at 266° within 3 seconds on the Dennis melting point bar. 


CisHisNO:2 (215.2). Calculated, N 6.51; found, N 6.44 


Ethyl 2-Naphthylmethylacetamidomalonate—To 0.89 gm. of sodium dis- 
solved in 30 ml. of absolute ethanol there were added 8.5 gm. of ethyl 
acetamidomalonate and, in one portion, 8.5 gm. of 2-bromomethylnaphtha- 
lene (9). Heat was developed immediately. The mixture was refluxed for 
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2 hours, cooled, evaporated to small volume tn vacuo, and extracted with 
water. The yield of ethyl 2-naphthylmethylacetamidomalonate was nearly 
quantitative, having a melting point of 126° after recrystallization from 
ethanol, in which it was partially soluble in the cold. 


CooH2,3NO; (357.4). Calculated, N 3.96; found, N 4.03 


6-2-Naphthylalanine—12 gm. of ethyl 2-naphthylmethylacetamidomalo- 
nate were heated under a reflux for 12 hours with 70 ml. of 48 per cent 
hydrobromic acid and filtered. The product was dissolved in 100 ml. of 
hot water, treated with charcoal, filtered, and neutralized with ammonium 
hydroxide. The amino acid was washed with cold water, ethanol, and 
ether. In addition to the 4 gm. of 2-naphthylalanine obtained in this 
manner, 0.7 gm. was recovered from the hydrobromic acid filtrate, after 
treatment with charcoal and neutralizing with concentrated ammonium 
hydroxide, by the addition of aleohol. The pure amino acid had a melting 
point of 262° when heated rapidly in a capillary tube, and melted at 268- 
272° within 3 seconds on the melting point bar. This compares with a 
melting point of 263-264° given by Kikkoji (1). 


Cy,Hi;NO, (215.2). Calculated, N 6.51; found, N 6.51 


Microbiological Studies—The growth of Escherichia colt (American Type 
Culture Collection, strain 9723) and Saccharomyces cerevisiae (Fleischmann, 
strain 139) was not inhibited by either of the two naphthylalanines in 
concentrations as high as 1 mg. per 7.5 ml. of culture media. Likewise, 
these amino acids at concentrations of 1 mg. per 10 ml. of medium did not 
inhibit the growth of a wild strain of Neurospora (Abbott, strain 4A), and 
the mutant Neurospora crassa (American Type Culture Collection, strain 
9278). When Lactobacillus casei (American Type Culture Collection, strain 
7469) and Laclobacillus arabinosus 17-5 were grown in the presence of 5 y 
of tryptophan, which is enough for about 25 per cent of maximum growth, 
the addition of these two naphthylalanines did not inhibit the growth. 
8-2-Naphthylalanine did not stimulate the growth of these two organisms, 
whereas a concentration of 1 mg. per 10 ml. of medium of the 8-1-naphthyl- 
alanine in the presence of 5 y of tryptophan showed very slight stimulation. 
1 mg. of 6-l-naphthylalanine increased the growth equivalent to that 
obtained with 2 to 5 y of tryptophan. 


The authors are indebted to Dr. Herschel K. Mitchell of the California 
Institute of Technology, who supplied the cu'ture of the wild strain of 
Neurospora (Abbott, strain 4), and to Mrs. Charmion McMillan and Mrs. 
Hester Purdy McNulty, who carried out the microbiological assays. 
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SUMMARY 


6-1-Naphthylalanine and 8-2-naphthylalanine have been synthesized by 


the acetamidomalonic ester method in 74 and 65 per cent yield, respecti ely, 
The two compounds did not inhibit the growth of Escherichia coli, Sacchar. 
omyces cerevisiae, two strains of Neurospora, Lactobacillus casei, or Lacto- 
bacillus arabinosus. 
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THE ISOLATION OF HIGHLY POLYMERIZED DESOXY- 
PENTOSENUCLEIC ACID FROM 
YEAST CELLS* 


By ERWIN CHARGAFF anp STEPHEN ZAMENHOFT 
(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 15, 1947) 


The nucleic acids occurring in nature are, by convention, divided into 
two groups, the desoxypentose and the pentosenucleic acids, whose desig- 
nation emphasizes a difference in their sugar constituents. The extent, 
however, to which this classification denotes an actual dichotomy rather 
than a convenient process for the description of a large number of dif- 
ferent chemical entities is still subject to conjecture. It appears a matter 


, of real importance to determine whether nucleic acids in general agree 


with the patterns developed in greater detail for the desoxyribonucleic 
acid of calf thymus and the ribonucleic acid of yeast. A comparative 
chemical study of the two nucleic acids isolated from the same cellular 
material would, in this connection, seem to be one of the most attractive 
problems. 

Among the various microorganisms which can be considered as the start- 
ing material for the preparation of desoxypentosenucleic acids, yeast is 
for several reasons one of the most interesting. As yeast ribonucleic acid 
has been studied extensively, this would offer an opportunity to compare 
the two acids from the same source. Moreover, since yeast is one of the 
most widely explored organisms with respect to its metabolie activities, 
the general problem of nucleic acid metabolism could be approached, once 
methods for the isolation from yeast of both types of nucleic acid are made 
available. Finally, yeast is easily obtained in large quantity. 

The presence in yeast cells of definite chromosome-like elements demon- 
strable by the nucleal stain of Feulgen has been known for some time 
(1-6). There seems, however, to be only one report in the literature (7) 
on the preparation from yeast, with the use of strong alkali, of a nucleic 
acid said to be similar to thymonucleic acid. The evidence is difficult 
to appraise, since the substance, characterized by a qualitative desoxy- 
pentose test and presumably degraded because of the method of isolation, 

* This work has been supported by a research grant from the United States Public 
Health Service. 

t+ This report is from a dissertation to be submitted by Stephen Zamenhof in partial 


fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 
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was obtained in a yield much higher (about 20 gm. per kilo of yeast) than 
can be reconciled with the figures submitted in the present paper (less than 
400 mg. per kilo of yeast). 

This communication will describe the isolation of the highly polymerized 
desoxypentosenucleic acid of yeast.1. A very efficient crushing of the cells 
proved essential for success. The chemical composition of this substance 
will be reported later. Since the procedures used avoided drastic opera- 
tions, material of this kind should lend itself to a number of interesting 
biological applications. 

The methods of isolation employed represent, of course, a combination of 
many known procedures, but it is the-sequence of their application that has 
proved important in the present study. It must be remembered that yeast 
cells, containing almost 50 times as much pentose as desoxypentosenucleic 
acid, probably represent an extreme case as regards the isolation of the 
latter compound. 

The undegraded desoxypentosenucleic acid of yeast is in its physical 
characteristics reminiscent of the highly polymerized thymonucleic acid 
isolated by the Hammarsten procedure (8). It is, however, hard to con- 
ceive of two macromolecular substances, synthesized in as different cellular 
systems as calf thymus and yeast, as being identical, although, in the ab- 
sence of immunological or more refined chemical methods, a strict decision 
may not yet be possible. (For a recent discussion of some of these prob- 
lems, compare (9).) 

Recent estimates of the desoxypentosenucleic acid content of several 
microorganisms (staphylococci, typhoid bacilli, Escherichia coli) have given 
values of 3 to 4 per cent of the dry weight; the pentosenucleic acid figures 
were about twice as high (10). An entirely different distribution is found 
in yeast; here, desoxypentosenucleic acid amounts to no more than about 
0.15 per cent of the dry cells and the ribonucleic acid content is 30 to 50 
times as high. This wide variation within unicellular organisms suggests 
that the desoxypentosenucleic acid molecules of the cell may not all have 
the same biological function. 


EXPERIMENTAL 
Isolation of Desoxypentosenucleic Acid 


Extraction*—1 kilo of fresh bakers’ yeast was washed with 1 liter of 0.1 
M sodium citrate (pH 7.3). The yeast cells, recovered by centrifugation, 


1 In the course of the present studies the observation was made that commercial 
yeast nucleic acid contained about 2 per cent of depolymerized desoxypentose- 
nucleic acid. A supplementary description of the procedure for the preparation of 
such material which, although degraded, may be of interest for chemical studies on 
yeast desoxypentosenucleotides also has been included here. 

? The experiments were carried out in the cold and at an about neutral pH. 
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were suspended in 180 cc. of the sodium citrate solution® and the thick 
suspension was passed through an ice-cooled wet crushing mill for bacteria 
(13), constructed by Unicam Instruments, Ltd., Cambridge, England. 
Each 50 ce. portion was ground for 30 minutes. Following dilution with 
590 cc. of sodium citrate, the crushed suspension was centrifuged for 2 
hours at 4000 r.p.m. Two solid layers sedimented underneath a very 
opalescent supernatant (915 cc.),* a bottom layer of intact cells and an 
upper layer of cellular fragments. The microscopic examination of the 
stained (5) débris revealed the presence of chromosome-like bodies closely 
resembling the elements demonstrable by the Feulgen technique in intact 
yeast cells. A separate determination showed that about 55 per cent of 
the cells had actually been crushed. 

The upper solid layer consisting of cellular fragments (485 cc.) was sus- 
pended in 850 ce. of ice-cold m sodium chloride solution of pH 6.3 (14, 15). 
The slimy mixture was kept in the refrigerator for 72 hours and then cen- 
trifuged at 4000 r.p.m. for 2 hours.’ The rapid addition of 2 volumes of 
chilled absolute ethanol to the very viscous supernatant® resulted in the 
precipitation of white threads that could easily be wound on a glass rod 
and thereby separated from a granular precipitate suspended in the mother 
liquor. The threads were washed thoroughly by successive immersion in 
three portions of 73 per cent ethanol, drained, and redissolved in 300 ce. 
of m sodium chloride with the use of a high speed mixer. 

The turbid solution was freed of protein by being stirred in a high speed 
mixer with one-third of its volume of a 9:1 mixture of chloroform-octyl 
alcohol (16) for 5 minutes, followed by centrifugation at 4000 r.p.m. for 
lhour. After eight treatments the solution was free of protein and gave no 
biuret test (17).7. At this stage, it was found to contain 0.6 mg. of desoxy- 
pentosenucleic acid per ec., corresponding to a total of 180 mg. in the 
original 300 cc. of solution. 

The addition of 2 volumes of ethanol to the clear protein-free solution 


*The use of sodium citrate is based on the observation that desoxyribonuclease 
requires magnesium ion (11, 12) and can be inhibited by sodium citrate (12). 

‘A study of some of the components of the supernatant, carried out in collabora- 
tion with Dr. M. A. Nyman, will be presented later. 

‘It hardly pays to reextract the sediment with m sodium chloride; the recovery 
of an additional 8 per cent of the total desoxypentosenucleic acid content is set off 
by the introduction of more contaminating material. 

‘The viscous sodium chloride solution appears sensitive to temperature. From 
a solution stored at room temperature for several hours, long fibers can no more be 
obtained by precipitation with alcohol. 

7 The reextraction with m NaCl of the combined chloroform gels resulting from the 
deproteinization, followed by the renewed treatment with chloroform of the extract, 
yielded some additional desoxypentosenucleic acid; this, however, amounted only 
to 6 per cent of the recoverable total. 
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again produced white threads that were spooled on a rod, as described } 


before. An additional amount of fibrous nucleic acid could be recovered by 
reworking the granular precipitate remaining in the mother liquor. 

Purification—When the threads obtained by the above procedure were 
analyzed, they were found to contain only 19 per cent of desoxypentose. 
nucleic acid; the remainder consisted of ribonucleic acid (64 per cent 
and of a polysaccharide whose principal constituent seemed to be mannose. 
as shown by a color reaction recently described (18). The best procedure 
for the purification was found to be one that made use of the difference jy 
solubility of the calcium salts of the two nucleic acids. It was in part 
patterned after the method developed for the separation of the pnev- 
mococcus-transforming agent from pneumococcal polysaccharide (19). Ay 


electrophoretic separation method also was found possible, but it was ’ 


accompanied by much greater losses.* 

The well drained threads were taken up in 20 cc. of neutral 10 per cent 
aqueous calcium chloride and the viscous milky solution was clarified by 
centrifugation at 20,000 r.p.m. for 2 hours. The sediment was twice 
washed, under the same centrifugal conditions, with 6 ec. portions of 10 
per cent CaCl,. The slow addition of 0.2 to 0.3 volume of cold absolute 
ethanol to the combined clear supernatants (32 ce.) brought about the 
separation of white fibers that were lifted in the usual manner and washed 
twice with 10 per cent calcium chloride solution containing 0.3 volume of 
ethanol. 

This fraction was contaminated with about 20 per cent of ribonucleic 
acid which could be removed by enzymatic digestion. ‘To a solution of 
the precipitate in 45 ec. of 0.2 mM sodium borate buffer of pH 7.8, 1.5 mg. 
of crystalline ribonuclease? were added. The solution was_ subjected 
to dialysis at room temperature against two changes of 2 liter portions of 
the borate buffer for 14 hours, against running tap water for 17 hours, and, 
finally, against several changes of ice-cold distilled water for 26 hours, 
Then it was again deproteinized, as described before, and evaporated in 


* These experiments are perhaps of interest by providing an example of the differ 
ence in electrophoretic mobilities (compare (20)) of the two nucleic acids which in 
this case were derived from the same source. When the mixture was subjected to 
electrophoresis in 0.02 m phosphate buffer of pH 7.4 (containing 0.15 um NaCl), three 
components could be discerned with the following descending mobilities: I, —16.0 X 
10-5; II, —12.1 X 10°; III, almost stationary. The electrophoretic separation yielded 
two fractions: the faster component consisted of desoxypentosenucleic acid with an 


admixture of only 13 per cent of ribonucleic acid, and the slower component (IT) was / 


mainly ribonucleic acid with about 18 per cent of the desoxypentose compound. We 
are grateful to Dr. D. H. Moore for these and other electrophoresis experiments. 

° We are greatly indebted to Dr. M. Kunitz of the Rockefeller Institute, Princeton, 
New Jersey, for this enzyme preparation. 
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the frozen state in a vacuum. (If the preparation is to be used for biolog- 
ical experiments, it may be preferable to precipitate it with alcohol from 
its solution in the presence of an electrolyte, such as sodium acetate, in- 
stead of recovering it by the evaporation of the frozen solution.) 

The sodium salt of desoxypentosenucleic acid thus obtained weighed 105.5 
mg. It formed a white fluff which was readily soluble in water, giving a 
clear viscous solution. The biuret reaction was negative. 

Analytical Composition—The desoxypentosenucleic acid content was 
determined colorimetrically by means of the reaction with diphenylamine 
(21) or with cysteine (22). A particularly well purified sample of potas- 
sium desoxyribonucleate of calf thymus, prepared by a procedure to be 
described later, served as the standard. The ribonucleic acid content was 
estimated by means of the orcinol reaction (23), correction being made for 
the color produced with orecinol by the desoxy sugar. A purified prepara- 
tion of yeast ribonucleic acid was used as the standard. 

Colorimetric methods served for the estimation of the hexose content 
(24) of the small amount of polysaccharide impurity, probably mainly 
mannan which is known to occur in the yeast cell wall, and of the phos- 
phorus content (25). Nitrogen was determined by the micro-Kjeldahl 
method. 

The particular preparation of the sodium salt of desoxypentosenucleic 
acid whose isolation from yeast has been described in detail in this paper 
had the following composition: N 14.0, P 8.3, desoxypentosenucleic acid 
91, ribonucleic acid 3.4 per cent. The N:P percentage ratio, therefore, 
was 1.69, the atomic ratio 3.73. As was already reported in part in a 
preliminary note (26), different preparations varied between the following 
percentage figures: N 13.3 to 14.0, P 8.3, desoxypentosenucleie acid 86 
to 91, ribonucleic acid 3.1 to 5.6, polysaccharide (mannan) 5 to 10. 

Yield—If account is taken of the facts reported before, namely that 
about 55 per cent of the 1000 gm. of yeast processed actually had been 
crushed and that the original extract obtained comprised 180 mg. of des- 
oxypentosenucleic acid, the yield in pure sodium desoxypentosenucleate 
amounted to 53 per cent of the total. An additional 20 per cent of nucleic 
acid may be recovered by reworking the granular precipitates, as was 
mentioned before. The total amount of desoxypentosenucleic acid ex- 
tracted under the preparatory conditions described corresponded to 0.033 
per cent of the wet weight of the crushed cell portion. 


Physical Properties 


Ultraviole! Absorption—The absorption spectrum, determined with a 
0.006 per cent solution of the sodium desoxypentosenucleate in distilled 
water by means of a Beckman photoelectric quartz spectrophotometer, is 
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reproduced in Fig. 1. The manner in which the extinction values are 
plotted as the ordinate requires explanation. When more data on nucleic 
acids of different origin become available, a comparison of their extinction 
characteristics will be of importance. Since the particle weights of these 
macro molecules are known only vaguely and preparations of different 
degrees of purity may have to be compared, the best expression would 
appear to be one that is based on the P content of the particular substance. 
For this reason, the values were plotted as e(P), which may be defined ag 





4000. 
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| 





a a a nee a 
mu 300 280 260 240 220 


Fig. 1. Ultraviolet absorption of yeast sodium desoxypentosenucleate in distilled 
water. 


the atomic extinction coefficient with respect to phosphorus; v7z. «(P)= 
30.98H/cl, where E is the extinction, c the phosphorus concentration of 
the solution in gm. per liter, and / the thickness of the absorbing layer in 
cm. 

The sodium salt of desoxypentosenucleic acid exhibited an absorption 
maximum at 260 my, a minimum at 232 mu, with e(P) values of 6056 and 
2485 respectively. Another preparation had a maximum «(P) value of 
6210 at 260 mu. 
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Electrophoretic Mobility—When examined in the Tiselius cell at 1.5°, 
the solution of the substance in 0.02 m phosphate buffer (containing 0.15 
m NaCl) of pH 7.4 exhibited one sharp peak with an ascending mobility 
of —15.7 X 10~ sq. cm. per volt per second. 

Viscosity—The determinations were carried out in Ostwald-Fenske 
viscosity pipettes (water value 10.8 seconds) at 30.3°. The specific vis- 
cosities, n.,, for different preparations (with the percentage concentration 
in distilled water given in parentheses) were 3.7 (0.09), 5.6 (0.12), and 5.9 
(0.11). 

Of one preparation, the specific viscosities (2.7 to 0.2) of a series of 
very dilute solutions were determined. When the value of 0.55 ec. per 
gm. for the apparent specific volume was used, which has been reported 
for thymonucleic acid (27), the viscosity increments could be calculated 
and plotted against the volume fractions of the solute. In this manner a 
viscosity increment of 7500 for zero concentration was obtained by extra- 
polation which, if the equation of Kuhn (28) is employed, would corre- 
spond to an axial ratio of about 350. This value, certainly open to more 
than the usual objections, will at least indicate the order of magnitude. 

Diffusion—The diffusion constant was measured in diffusion cells that 
differed mainly by their smaller size from those described by Northrop 
and Anson (29). Three cells, previously calibrated by means of a 0.1 m 
potassium chloride solution (30, 31), were filled with a 0.19 per cent solu- 
tion of the sodium salt of the yeast desoxypentosenucleic acid in distilled 
water. A fourth cell, similarly calibrated, contained a solution of sodium 
thymonucleate (8) of the same concentration. 

The diffusion was permitted to proceed against distilled water at 20° 
for 7 days, when the outside fluids were concentrated in vacuo to a small 
volume and analyzed (21) for their desoxypentosenucleic acid contents. 
The diffusion constants found were 1.11, 1.09, and 1.07, giving an average 
value of Doo = 1.1 X 1077 sq. em. per second for the nucleic acid from 
yeast. The same value, Deo = 1.1 X 10-’, was found for thymonucleic 
acid.!° 


Estimation of Total Extractable Desoxypentosenucleic Acid 


When a suspension of 30 gm. of bakers’ yeast in citrate solution was 
thoroughly crushed by being passed through the bacterial mill for 70 
minutes, dry weight determinations of the several fractions showed that 
25.5 gm. (85 per cent of the cel's), corresponding to a dry weight of 7.61 
gm., had been disintegrated. The extraction of the cell débris with two 
portions of m sodium chloride, the precipitation with ethanol, and the de- 


% The diffusion behavior of thymonucleic acid has been studied by Tennent and 
Vilbrandt (27). 
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proteinization, as described above, yielded a solution containing (22) a 
total of 11.3 mg. of desoxypentosenucleic acid. This corresponds to a 
minimum content of 0.044 , er cent of the wet cells or of 0.15 per cen! of the 
dry weigu. Jeener and Brachet (32) recently estimated the content as 
0.03 per cent of the wet weight. 

The ribonucleic acid content of dry bakers’ yeast has been reported as 
around 6.9 per cent (33); 7.e., about 46 times as high as the desoxypentose- 
nucleic acid content submitted here. Whether the amount of desoxy- 
pentosenucleic acid is changed for yeast cells in the budding stage is not 
yet known. 

The average wet weight of a yeast cell, determined by microscopical 
measurements on living cells and by the estimation of the number of cells 
per gm. of yeast cake, was found as 7.5 X 10-$ mg. Each cell contained, 
therefore, an average of 3.3 X 10~-" mg. of desoxypentosenucleic acid; 7.e., 
about one-thirtieth of the amount reported for thymus cells (34). 


Preparation of Depolymerized Desoxypentosenucleic Acid from 
Commercial Yeast Nucleic Acid 


A suspension of 40 gm. of yeast nucleic acid (Schwarz Laboratories, 
Inc., New York) in 300 cc. of distilled water was agitated in a high speed 
mixer for 5 minutes and the insoluble residue reextracted in the same 
manner. The combined supernatants (90 minutes at 4000 r.p.M.), made 
strongly alkaline (pH 13.8) with 30 per cent sodium hydroxide, were kept 
overnight at 30°. The addition of 2 volumes of ethanol to the neutralized 
solution produced a precipitate which was dissolved in 40 ee. of alkali and 
again kept overnight at pH 13.8. The solution, adjusted to pH 7.5 with 
acetic acid, deposited crude sodium guanylate which was centrifuged off. 
The supernatant was subjected to dialysis against running water for 72 
hours which removed most of the ribonucleotides. The solution was 
made 1 m with respect to sodium acetate and the crude sodium desoxy- 
pentosenucleate precipitated by the addition of 2 volumes of ethanol. The 
precipitate was washed with 80, 95 per cent, and absolute alcohol and with 
ether and dried in vacuo. It weighed 165 mg. (0.4 per cent of the yeast 
nucleic acid used) and formed a light brown, hygroscopie powder contain- 
ing N 12.1, P 8.5, desoxypentosenucleic acid 79, and ribonucleic acid 6 per 
cent. 


SUMMARY 


The isolation from yeast cells of highly polymerized desoxypentosenucleic 
acid by a procedure avoiding drastic operations and enzymatic degrada- 
tion is described. Some of the physical characteristics of this substance, 
demonstrating its high degree of asymmetry, are discussed. The total 
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amount of desoxypentosenucleic acid extractable from bakers’ yeast is 
estimated as 0.044 per cent of the wet cells. A brief description of the 
preparation from commercial yeast nucleic acid of a specimen of depolym- 
erized desoxypentosenucleic acid is included. 
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N-ACYLATED AND N-METHYLATED 
GLYCYLDEHYDROALANINE 


By VINCENT E. PRICE anp JESSE P. GREENSTEIN 
(From the National Cancer Institute, National Institute of Health, Bethesda, Maryland) 


(Received for publication, December 4, 1947) 


Earlier studies have shown that a variety of synthetic dehydropeptides 
are enzymatically hydrolyzed in aqueous extracts of several animal and 
plant tissues (1-4). The substrates used were dipeptides, in which dehy- 
droalanyl or dehydrophenylalany! residues were N-acylated with glycyl, 
chloroacety]l, or acety! radicals. 

Glycyldehydroalanine is rapidly hydrolyzed in digests of all tissue prepa- 
rations studied, yielding equivalent amounts of ammonia and pyruvic acid 
(2). This substrate possesses a free a-amino group on the glycy] radical. 
The purpose of the present study is to observe any relation between the 
integrity of this group and the susceptibility of the substrate to enzymatic 
attack. Chloroacetylglycyldehydroalanine, glycylglycyldehydroalanine, 
N-methylglycyldehydroalanine, and chloroacetyl-N-methylglycyldehydro- 
alanine were synthesized and studied in certain rat tissue digests. 

In the course of the synthetic studies, the unexpected observation was 
made that methylamine or dimethylamine reacting in excess with chloro- 
acetyldehydroalanine would, under the circumstances, not only replace the 
halogen but also substitute at the double bond. 


EXPERIMENTAL 


Chloroace'ylglycyldehydroalanine—14.4 gm. of glycyldehydroalanine (4) 
were dissolved in 50 ce. of chilled 2 N NaOH, and with further chilling 
treated alternately in four portions with 13.5 gm. of freshly distilled chloro- 
acetyl chloride and 60 ec. of 2N NaOH. The mixture was brought to pH 
2 by addition of 5 n HCl and evaporated in vacuo to half of its volume. The 
product crystallized from the concentrate on chilling and scratching. 
Yield, 12.6 gm. It was twice crystallized from the minimum amount of hot 
water, from which it separates on cooling in the form of long needles, m.p. 
177° with decomposition. ° 


C;H,OwN.Cl. Calculated, N 12.7, Cl 16.1; found, N 12.4, Cl 15.8 


Glycylglycyldehydroalanine—3 gm. of chloroacetylglycyldehydroalanine 
were dissolved in 30 cc. of ammonia water saturated at 5°, and the solution 
allowed to stand at 25° for 3 days. The solution was then evaporated to 
dryness in vacuo and the residue triturated with absolute alcohol to remove 
ammonium chloride. ‘The residue was taken up in the minimum amount 
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of hot water, and the product precipitated by addition of a moderate excegs 
of absolute alcohol. Recrystallization of the compound by dissolving in, 
hot water followed by addition of hot alcohol resulted in the separation of 
long glistening prisms, m.p. 184° with decomposition. 


C;Hi0.N;. Calculated, C 41.8, H 5.5, N 20.9; found, C 41.5, H 5.5, N 20.4 


N-Methylglycyldehydroalanine—50 gm. of chloroacetyldehydroalanine (4) 
were dissolved in 500 ce. of chilled 25 per cent aqueous methylamine, and 
the resulting solution kept at 0-5° for 48 hours. At the end of this period 
the solution was evaporated in vacuo, at a temperature never higher than 
20°, to a thick syrup. The syrup was taken up in 100 cc. of cold distilled 
water, treated with 10 cc. of glacial acetic acid, and 1 liter of absolute aleo- 
hol was added. N-Methylglycyldehydroalanine crystallized from the 
mixture as flat prisms. After filtering, washing with alcohol and ether, and 
finally drying, the product weighed 14 gm. It was recrystallized from a 
mixture of hot water and alcohol from which, on cooling, it separated in 
glistening, large prisms, m.p. 177° with decomposition. 


CsHi03N2. Calculated, C 45.6, H 6.3, N 17.7; found, C 45.5, H 6.3, N 17.6 


At higher temperatures, some substitution of methylamine at the double 
bond of the dehydropeptide apparently occurs. When 50 gm. of chloro 
acetyldehydroalanine were dissolved in excess aqueous methylamine as 
above, with no attempt at external cooling, the solution became quite 
warm. The solution was allowed to stand at 25° for 4 days, and was then 
evaporated in vacuo at 40° to a thick, yellowish oil. The oil was taken up 
with absolute alcohol once or twice and evaporated again in a boiling water 
bath. On shaking with an excess of absolute alcohol in the cold for several 
hours, the oil became granular and could be readily filtered. After washing 
with alcohol and ether, thé dried product weighed 35 gm. It was purified 
by dissolving in the minimum amount of cold water, filtering, and adding 
absolute alcohol in moderate excess to the filtrate. A white oil separated 
which rapidly crystallized in sheaves of long, narrow prisms. Yield, 28 
gm.; m.p. 183° with decomposition. 

Aqueous solutions of the compound are slightly acid to litmus and alka- 
line to Congo red. Such solutions do not decolorize added bromine, and 
show only a slight, general, and non-specific absorption in the ultraviolet. 
A heavy precipitate of silver chloride occurs when the solutions are treated 
with nitric acid and silver nitrate. Elemental analysis indicates that not 
only was the chlorine atom in chloroacetyldehydroalanine substituted by a 
methylamino residue but that another methylamino residue was added to 
the compound as well. A monohydrochloric acid salt would consequently 
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beformed. The close agreement between the observed analytical data and 
those calculated for such a compound is revealed as follows: 


C;Hi;03sN; + HCl. Calculated. C 37.2, H 7.1, N 18.7, Cl (ionic) 15.7 
Found. sa ee wa. “« 6155 


The methylamino residue might saturate the double bond of chloroacetyl- 
dehydroalanine in two ways, (1) by forming an a-N-methylglycylamino-a- 
N-methylaminopropionic acid hydrochloride or (2) by forming an N- 
methylglycyl-a-amino-8-methylaminopropionie acid hydrochloride. Both 
compounds would yield the same analytical results. It is improbable that 
the preparation could be related to the former compound because of the 
instability of such types of compounds in water, whereby pyruvic acid and 
ammonia are rapidly formed (5). The probability that the preparation 
would be described by the latter alternative arises from the fact that 
whereas the intact preparation yields no nitrogen after treatment with 
nitrous acid for 5 minutes the hydrolysate obtained after boiling 75 micro- 
moles of the preparation in 2 N HC] for 2 hours yields 95 per cent of the 
equivalent amount of a-amino nitrogen (Van Slyke). No ammonia, 
methylamine, or pyruvic acid was present in the hydrolysate, and the mole 
of a-amino nitrogen released per mole of compound must have been derived 
from the hydrolysis of a single, saturated peptide bond. 

In our experience, when chloroacetyldehydroalanine is treated with an 
excess of aqueous ammonia, whether at 5° or at 25°, glycyldehydroalanine 


_ ina yield of close to 80 per cent is invariably formed. ‘Treatment of chloro- 


acetyldehydroalanine at low temperatures with an excess of methylamine 
leads to the formation of N-methylglyeyldehydroalanine in yields of about 
20 to 30 per cent, and at higher temperatures to yields of 50 to 70 per cent of 
a saturated peptide whose composition and properties appear to relate it 
to N-methylglycyl-e-amino-8-methylaminopropioniec acid hydrechloride. 
When chloroacetyldehydroalanine is treated with an excess of an aqueous 
solution of dimethylamine, whether at 5° or at 25-40°, there is formed a 
saturated compound in about a 40 to 60 per cent yield (depending upon the 
temperature), whose composition and properties appear to relate it to an N,- 
N-dimethylglycyl-a-amino-8-dimethylaminopropionic acid hydrochloride. 
A typical preparation is as follows: 

11 gm. of chloroacetyldehydroalanine were dissolved in 120 ce. of chilled 
30 per cent aqueous dimethylamine, and the solution kept for 48 hours in 
the ice chest at 5°. It was then evaporated to a low bulk in vacuo at 20°, 
and the residue was treated with an excess of absolute alcohol. The pre- 
cipitate was filtered, dissolved in water, and crystallized by the careful 
addition of alcohol. Repetition of the procedure yielded 5.5 gm. of a prepa- 
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ration which appeared in the form of long prisms, m.p. 155° with de- 
composition. 


CsHi,0;N; + HCl. Calculated. C 42.6, H 7.8, N 16.6, Cl (ionic) 14.0 
Found. edi 1 Pai fia | aang ee ISS 


Aqueous solutions of the compound are slightly acid to litmus and alka- 
line to Congo red. Such solutions do not decolorize added bromine, and 
show only a slight, general, and non-specific absorption in the ultraviolet. 
The intact preparation yields no nitrogen after treatment with nitrous acid 
for 5 minutes, but, as in the case of the methylamine substitution product, 
the hydrolysate obtained after boiling 75 micromoles of the preparation in 
2 N HCI for 2 hours yields 95 per cent of the equivalent amount of a-amino 
nitrogen (Van Slyke). 

The ease of addition or substitution of such simple amines at the double 
bond of the dehydropeptide was quite unexpected. More exact studies of 
the conditions under which this phenomenon occurs, and the rates at which 
the reaction proceeds, will be the subject of a future communication. 

Chloroacetyl-N -methylglycyldehydroalanine—15.8 gm. of N-methylglycyl- 
dehydroalanine were dissolved in 50 ec. of 2 Nn NaOH, chilled, and treated 
alternately with 13 gm. of freshly distilled chloroacety] chloride and 60 cc. of 
2n NaOH. The mixture was acidified to a Congo blue reaction with 5 
HCl and evaporated to one-half its volume in vacuo. On chilling and 
scratching, a voluminous crystallization of the product occurred. The 
compound was crystallized twice from hot water, from which it separates 
in the form of long needles. Yield, 8.2 gm.; m.p. 152° with decomposition. 


CsHi,0,.N:2Cl. Calculated. C 40.9, H 4.7, N 11.9, Cl 15.2 
Found. "ae, 44," Iam, * 164 


Attempts to prepare the corresponding glycyl-N-methylglycyldehydro- 
alanine by treatment of the chloroacetyl derivative with excess ammonia 
were unsuccessful. A yellowish red gum was obtained from which no 
crystalline material could be derived.! 

Ultraviolet Absorption Spectra—All of the acylated and methylated de- 
hydropeptides prepared possess the characteristic absorption in the ultra- 
violet of this class of compounds (3, 4) (Fig. 1). The band at 2400 A for 
the substituted dehydropeptides is not so pronounced as for glycyldehydro- 
alanine since, with increasing length of the peptide chain, there is more ab- 
sorption at the shorter wave-lengths. 

Enzymatic Studies—The peptides were incubated with buffered, fresh 
aqueous rat tissue extracts as described earlier (4). The digests consisted 


1 Chloroacetylglycine and chloroacetylglycylglycine were prepared and purified 
as described (6). 
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of 1 cc. of aqueous tissue extract, plus 2 cc. of 0.15 m borate buffer at pH 
8.1, plus 1 ce. of either water or 0.025 m substrate solution. Stock solutions 
of the substrates were brought to pH 7.0 by addition of dilute NaOH. The 
substrates were completely stable in the presence of boiled extracts. Dehy- 
dropeptidase activity was measured as before in terms of the micromoles 
X 10 of ammonia N evolved over the extract blanks per hour per mg. of 
total N in the extracts (4). No ammonia was evolved from the glycy] resi- 
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Fic. 1. Ultraviolet absorption spectra of compounds at 1.7 X 10~* Mm concentration 
in water. ©, chloroacetylglycyldehydroalanine; A, glycylglycyldehydroalanine; 
O, chloroacetyl-N-methylglycyldehydroalanine; @, N-methylglycyldehydroalanine . 


dues. The ammonia measured was derived from the hydrolysis of the 
terminal dehydroalany!] residue as follows: 
H 
3) RNHCH,CONHC(=CH,)COOM = RNHCH,CON=C(CH,)COOH => 
RNHCH.COOH + NH; + CH;COCOOH 


where R may be acyl, methyl, or hydrogen. The data are given in Table I. 

The hydrolysis of chloroacetylglycyldehydroalanine and of glycylglycyl- 
dehydroalanine in the various tissue preparations studied occurs at very 
nearly the same rate as that of glycyldehydroalanine but not that of chloro- 
acetyldehydroalanine. N-Methylglycyldehydroalanine is hydrolyzed at a 
rate markedly less than that of glycyldehydroalanine, while chloroacetyl- 
N-methylglyeyldehydroalanine is apparently not affected in extracts of any 
of the tissues studied. 
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A critical compound in the interpretation of the data is chloroacetyl. 
glycyldehydroalanine. Whereas it is conceivable that glycylglycylde. 
hydroalanine may be rapidly attacked by an aminopeptidase in tissue ex- 
tract preparations, which leads to the primary hydrolysis of a termina] 
glycyl residue with the production of glycyldehydroalanine (ef. (1)), no such 
enzymatic hydrolysis of a chloroacety] residue appears probable. Attention 
was therefore largely devoted to the chloroacetyl derivatives. When chloro- 
acetylglycine or chloroacetylglycylglycine was incubated with rat kidney 
extracts under conditions employed with chloroacetylglycyldehydroalanine 
(extract containing 60 y of total N per ec.; incubation period of 15 minutes 
at 37°) (Table I), no increment in a-amino nitrogen could be observed. 
Furthermore, no increment in a-amino nitrogen could be observed in digests 


TABLE I 
Action of Dehydropeptidases on N-Acylated Dehydropeptides* 


Micromoles X 10 ammonia N evolved per hy 
per mg. total N in digests with 
Substratef 


Kidney ; Liver | pheeed | Brain | Spleen | Muscle 

N-Methylglycyldehydroalanine ; 800 | 25 280 30 166 | 16 

Chloroacetylglycyldehydroalanine 1580 | 50 450 40 240 | 28 

Glycylglyeyldehydroalanine.......... 1660 | 60 500 | 64 320 | 35 
Chloroacetyl - N - methylglycyldehydro- 

BIGING 2. india cle cee dks eT eRe eae 0 0 0 0 0 0 


* Digests consisted of 1 ec. of fresh aqueous rat tissue extract, plus 2 ce. of 0.15 w 
borate buffer at pH 8.1, plus 1 ec. of either water or 0.025 m substrate solution. 
Chloroacetyl peptide solutions were carefully neutralized to pH 7.0 with dilute NaOH 
before use. Incubation temperature, 37°. 

+ The corresponding values for glycyldehydroalanine and for chloroacetylde- 
hydroalanine are, respectively, with kidney 1620 and 100, liver 60 and 28, pancreas 530 
and 10, brain 72 and 0, spleen 331 and 0, muscle 38 and 0 (4). 


of chloroacetylglyeyldehydroalanine with rat kidney which had _ been 
allowed to go to complete splitting of the dehydropeptide bond as measured 
by the loss in absorption at 2500 A (4) and from which the ammonia had 
been completely removed by an alkaline aeration procedure. — If the chloro- 
acetyl] residue had been hydrolyzed from the glycy! residue, the latter, after 
the hydrolysis of the dehydropeptide bond, would have yielded an equiva- 
lent amount of amino nitrogen. Kidney was selected as the tissue for these 
experiments because of its high activity of various peptidases. 


DISCUSSION 


The fact that no increase in a-amino nitrogen appears in ammonia-free 
kidney digests of chloroacetylglycyldehydroalanine suggests that the mole- 
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cule is hydrolyzed at the dehydropeptide bond exclusively under the condi- 
tions studied. Furthermore, the equally important fact that the rate of 
hydrolysis of this substrate, not only in kidney but in extracts of other 
tissues as well, approximates that of glycyldehydroalanine suggests that 
this compound is hydrolyzed by dehydropeptidase I.? It was believed 
earlier (2) that the proper substrate for this enzyme would be glycyldehy- 
droalanine or some analogous compound with a free a-amino group adjacent 
to the susceptible dehydropeptide bond. It appears from the present re- 
sults that the presence of a free, basic a-amino group in the substrate is not 
necessarily a sine qua non for dehydropeptidase I activity. What does, 
however, appear to be a necessary condition for the activity of this enzyme 
is the presence of an a-nitrogen atom to which at least 1 hydrogen is 
attached. The substrate conditions for dehydropeptidase I activity are 
thus described by equation (1) above. Chloroacetyl-N-methylglycylde- 
hydroalanine, with no hydrogen in the a-nitrogen atom, is not susceptible 
to enzymatic hydrolysis (Table I). The stability of this compound in rat 
kidney extracts means that it is resistant not only to the action of dehydro- 
peptidase I, but also to that of dehydropeptidase II. Dehydropeptidase II 
acts upon such substrates as chloroacetyldehydroalanine and acetyldehy- 
droalanine, not upon glycyldehydroalanine, and it would appear from the 
available data that the action of this enzyme is blocked by the presence of 
an a-nitrogen atom adjacent to the dehydropeptide bond, whether that 
nitrogen is basic or not. 

The reduced effectiveness of N-methylglycyldehydroalanine as a sub- 
strate, compared with that of glyeyldehydroalanine, may be explicable on 
the basis of a steric effect in the former compound. On such a basis, the 
N-ethyl, N-propy], ete., derivatives of glycyldehydroalanine should be in- 
creasingly ineffective substrates, and work on this topic is now in progress. 
As noted above, the synthesis of N,N-dimethy] and, presumably, the corre- 
sponding N,N-dialkyl derivatives of glycyldehydroalanine is rendered 
difficult because of the possibility of substitution of the amines at the double 
bond of the dehydropeptide. 


SUMMARY 


Chloroacetylglycyldehydroalanine, glyeylglycyldehydroalanine, chloro- 
acetyl-N-methylglycyldehydroalanine, and N-methylglycyldehydroalanine 
were prepared, and their susceptibility to the action of extract preparations 
of various rat tissues was studied. Chloroacetylglycyldehydroalanine and 
glycylglycyldehydroalanine were hydrolyzed in digests of all tissues studied 


* This is more clearly shown by the action of the purified dehydropeptidase I of 
Shack (personal communication) which attacks chloroacetylglycyldehydroalanine at 
close to the same rate as glycyldehydroalanine. Neither substrate is appreciably 
hydrolyzed by purified dehydropeptidase II. 
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at close to the same rate as glycyldehydroalanine. In the case of chloro- 
acetylglycyldehydroalanine with kidney digests, no increase in a-amino 
nitrogen was noted in the ammonia-free digests after the dehydropeptide 
bond was completely hydrolyzed. N-Methylglycyldehydroalanine was 
hydrolyzed at a lower rate than glycyldehydroalanine, while chloroacety- 
N-methylglycyldehydroalanine was not hydrolyzed in any of the tissues 
studied. From the data obtained, certain substrate specificities for the 
action of dehydropeptidases I and II have been considered. 

A brief description is given of the action of aqueous solutions of methy]- 
amine and of dimethylamine on chloroacetyldehydroalanine, leading under 
certain experimental circumstances to apparent substitution of the amines 
at the double bond of the dehydropeptide. 
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THE INTRACELLULAR DISTRIBUTION OF PROTEIN, NU- 
CLEIC ACIDS, RIBOFLAVIN, AND PROTEIN-BOUND 
AMINOAZO DYE IN THE LIVERS OF RATS FED 
p-DIMETHYLAMINOAZOBENZEN E* 


By J. M. PRICE, E. C. MILLER, anv J. A. MILLER 


(From the McArdle Memorial Laboratory, Medical School, 
University of Wisconsin, Madison) 


(Received for publication, December 8, 1947) 


Recent studies have shown that the formation of liver tumors in rats 
fed p-dimethylaminoazobenzene is preceded by the accumulation of 
aminoazo dyes firmly bound to the liver protein (1). The bound dyes 
have been freed from the liver protein only by enzymatic or alkaline 
hydrolysis; the major fraction of the released dye possesses highly polar 
properties and is therefore not the dye fed. The protein-bound dyes are 
found only in the site of tumor formation, the liver, and only in the livers 
of the two known susceptible species; e.g., rats and mice. The latter 
species is less susceptible to the dye than rats and less bound dye is found 
in their livers. p-Monomethylaminoazobenzene, a carcinogenic metabo- 
lite of the parent dye, gives rise to the same levels of bound dye, while 
the non-carcinogenic metabolite, p-aminoazobenzene, yields only low 
levels of a different bound dye. A high level of dietary riboflavin, which 
reduces the carcinogenicity of the parent dye, also decreases the level of 
protein-bound dye in the liver. The bound dyes are not found in the 
liver tumors. These observations indicate that the protein-bound dyes 
play an important but as yet undefined réle in the carcinogenic process 
induced by p-dimethylaminoazobenzene. 

We have now applied the technique of differential centrifugation to 
determine the intracellular distribution of protein-bound dye and other 
constituents in the livers of rats fed diets high and low in riboflavin and 
with and without p-dimethylaminoazobenzene. ‘The general procedure 
described by Claude (2) was adapted! to resolve homogenates of the livers 
into four fractions: nuclei, large granules (mitochondria), small granules 


’(microsomes), and the supernatant fluid from which these particles have 


been sedimented. ‘The homogenates were made in hypertonic sucrose 
solution, since the recent work by Hogeboom, Schneider, and Pallade 


* This work was supported by grants from the National Cancer Institute and the 
Jane Coffin Childs Memorial Fund for Medical Research. 

1 We are grateful to Dr. W. C. Schneider for advice on the fractionation procedures 
used in this paper. 
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(3, 4) showed that this medium prevents the agglutination of the large 
granules and preserves their morphological characteristics. Each fraction 
and the original homogenate were analyzed for protein, nucleic acids, 
riboflavin, and protein-bound aminoazo dye. 


Methods 


Four groups of female Sprague-Dawley rats weighing 160 to 200 gm. 
were fed the diets ad libitum for 4 weeks. The basal diet was the semi- 
synthetic one previously described (5) and was modified to contain 0.5 
or 20.0 mg. of riboflavin per kilo with either no azo dye or 0.06 per cent 
p-dimethylaminoazobenzene. 90 to 100 per cent of the rats fed this level 
of dye in the low riboflavin diet for 4 months develops liver tumors (5, 6), 
Two livers were used for each fractionation. The rats were killed with 
ether, the inferior vena cava exposed, and an L-shaped hypodermic needle 
inserted into the vein cephalic to the liver and clamped in place by a rubber- 
tipped hemostat. A second hemostat was placed on the inferior vena 
cava caudal to the liver. After severing the portal vein the liver was 
perfused with 30 ml. of 0.14 m NaCl under a hydrostatic pressure of 13 em. 
The excised liver was then forced through an all-plastie (Plexiglas) tissue 
mincer (a thick walled tube with a tightly fitting serew-driven piston 
which forced the parenchyma through a disk containing numerous 0.8 mm. 
holes). This operation facilitated homogenization by removing much of 
the connective tissue, blood vessels, and bile ducts. The minced tissue 
was collected in 0.88 m sucrose solution buffered to pH 7.6 with 0.01 m 
phosphate and further diluted to make a 12 per cent suspension (final 
pH 7.4) by weight. The mixture was then homogenized (7) for 15 minutes 
inal X 8 inch test-tube with a tightly fitting Plexiglas pestle driven by a 
stainless steel shaft. The entire procedure was carried out at 0-3°. 

The differential centrifugations were carried out in a refrigerated Inter- 
national centrifuge, model PR, size 1, with the multispeed attachment 
and No. 295 head carrying six cellulose acetate tubes with a total capacity 
of 72ml. The temperature of the tube contents did not exceed 5° on short 
runs or 10° on long runs. The relative centrifugal forces (yg) were calcu- 
lated for the center of the tubes. 

60 gm. of homogenate (7.2 gm. of liver) were weighed into the tubes and 
centrifuged for 5 minutes at 600 X g to separate the nuclear fraction. 
To avoid disturbing the sediment the supernatant fluid was removed from 
this and the other fractions with a capillary pipette having an opening in 
the side of the sealed tip. The nuclei were resuspended in 8 ml. of the 
sucrose medium and recentrifuged. The combined washings and super- 
natant solution were again centrifuged to remove most of the remaining 
nuclei. This small sediment was added to the nuclear fraction and the 
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nuclei were rewashed. The supernatant solution and washings were 
then centrifuged at 19,000 X g for 10 minutes to sediment the large gran- 
ules. These particles were washed once by resuspending in 8 ml. of sucrose 
solution and recentrifuging. The washings and supernatant fluid from 
the large granule fraction were centrifuged for 4 hours at 19,000 X g. 
After removing the final supernatant fluid as completely as possible the 
remaining sediment was taken as the small granule fraction. Each par- 
ticulate fraction was evenly suspended in distilled water and appropriate 
aliquots were taken for analysis. 

Analyses for pentosenucleic acid and desoxypentosenucleic acid were 
made according to the procedure of Schneider (8). For the riboflavin 
analyses? Lactotacillus casci was grown on the medium of Roberts and 
Snell (9); growth was determined by titration of the acid formed in 66 
hours. ‘The protein was determined gravimetrically after precipitation 
from aliquots containing 80 to 300 mg. of protein with trichloroacetic 
acid at a final concentration of 10 per cent. After washing once with 1 m 
(pH 5) acetate buffer and twice with ethanol, the precipitate was trans- 
ferred quantitatively to hard filter paper and extracted in a Soxhlet ap- 
paratus with ethanol for 48 hours. The extracted protein was transferred 
to weighing bottles, dried over CaCl: in vacuo to a powder, and then left 
over H.SO, in vacuo for 12 hours. The product consisted almost entirely 
of protein and nucleoprotein (1). The total protein-bound aminoazo dye 
in these powders was determined as described previously (1). 


Results 


Comparison of 0.88 m Sucrose and 0.14.M KCl Solutions As Fractionation 
Media—Preliminary simultaneous fractionations were carried out on the 
pooled livers of two rats fed the basal diet low in riboflavin to compare 
the intracellular distribution of nucleic acids, protein, and riboflavin when 
0.14 m IXC] (isotonic) or 0.88 m sucrose solutions were used as the fractiona- 
tion media. Both solutions were initially buffered at pH 7.6 with 0.01 Mm 
phosphate. With either medium the nuclear fraction contained all or 
nearly all of the desoxypentosenucleic acid; the large granules from the 
partition in sucrose solution carried about 5 per cent of the total desoxy- 
pentosenucleic acid and microscopically a few nuclei could be seen in this 
fraction. However, in spite of the similarity in their contents of desoxy- 
pentosenucleic acid, the nuclear fraction from the separation in KCl 
contained three times as much protein and pentosenucleic acid and eight 
times as much riboflavin as the corresponding sample from the fractionation 
in sucrose solution (Table I). Correspondingly, the large granule fraction 


2 We are indebted to Mrs. G. M. Weber for these analyses. 
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obtained in the non-ionic medium contained two to three times as much of 
each of these constituents as when the separation was made in KC! goly- 
tion. The composition of the small granule and supernatant fractions 
was less affected by the medium used for centrifugation, but the super- 
natant fluid from the fractionation in sucrose solution tended to contain 
more of each constituent than that from the centrifugations in KC] solution. 
The results are in agreement with the observations of Schneider (10) and 
Hogeboom et al. (3, 4), who showed in other ways that the nuclei obtained 
from isotonic NaCl or KCl homogenates are grossly contaminated with 
agglutinated large granules. On the basis of these data 0.88 M sucrose 
solution was used as the medium for the subsequent fractionations, al- 
though even in this case the nuclear fraction is contaminated with a few 
whole cells and large granules. 


TABLE I 

Comparison of Fractionation of Liver Homogenates in Either 0.88 mu Sucrose or 
0.14M KCl 

Expressed as per cent of total component in the liver. 





Pentosenucleic acid Protein Riboflavin 








| 
! 
Liver fraction } 


Fractionation medium 











| Sucrose KCl Sucrose KCl Sucrose KCl 
ee cae ey ieeeass 1 9 | 2 | 13 | 40 6 50 
TAPS POAUIER so. is icc ans soo aa oe SOT VEE “G4 23 
Small Be To Metoners rary eth Svea | 26 31 12 8 9 8 
Supernatant fluid.............] 20 | 9 | 39 34 28 20 
107 101 


Recovery..... hisoseptcass]? Sb | SE} St ee 





Protein Distribution—The livers of rats fed p-dimethylaminoazobenzene 
for 4 weeks contained on the average only 119 mg. of protein per gm. of 
fresh weight as compared with 135 mg. per gm. for the livers of rats fed 
the basal diets (Table II). This decrease was almost entirely localized 
in the large granule fraction, since the protein content of these particles 
dropped on the average from 40 to 26 mg. per gm. of liver on feeding the 
dye. A 37 per cent increase in the protein of the nuclear fraction was 
also noted in rats fed dye in the low riboflavin diet. The recovery of 
protein (the sum of the fractions compared with the whole homogenate) 
varied from 93 to 103 per cent (average 96). 

Nuclete Acid Distribution—Feeding p-dimethylaminoazobenzene — to 
rats in the low riboflavin diet increased the amount of desoxypentosenucleic 
acid in the nuclear fraction by about 29 per cent (Table III). However, 
since the protein content of this fraction increased proportionately, the 





Whi 


Nuc 
Lar, 
Sms 
Sup 


yw 


Wh 
Nu 
Lai 
Sm 


Sul 





h of 
olu- 
ions 
per- 
tain 
ion. 
and 
ned 
vith 
rose 
al- 


few 





J. M. PRICE, E. C. MILLER, AND J. A. MILLER 349 


TaBLe II 
Distribution of Protein in Liver Fractions 
Meg. of protein per gm. of fresh liver; the figures to the nearest whole number. 





| Basal | Basal + dye 
| 





F , | Low riboflavin | High riboflavin | Low riboflavin | High riboflavin 
Liver fraction Pane nS CEST oN | ee ee ee 





Fractionation No. 





| 
— 
| 
































1 | 2 | 3 4 5 , 6 | 7 ; 8 
=) | Ree ES 
Whole homogenate........... | 144 | 140 133 125 127 119 118 114 
POS ng ass, naa See ee 18 | 20 17 17 25 27; 20 14 
Large granules............... | 42] 41} 40] 38| 291 26] 23] 27 
Small me Bets Seeee aed | 19] 17 16 16 17 16 16 13 
Supernatant PY ene | 61| 55] 52} 50| 52] 53] 51] 53 
ae 2 a L3 —|——— | ——— ——} - Temes Geers ss 

Recovery. ..| 140] 133 | 125 | 121} 123] 122] 110] 107 
TaBLeE III 

Distribution of Desoxypentosenucleic Acid and Pentosenucleic Acid in Liver 
Fractions 


Mg. of nucleic acid per gm. of fresh liver. 





Basal Basal + dye 





| 
| 
Low riboflavin in | High riboflavin | Low riboflavin in | High riboflavin 


$$$ 


Liver fraction 





Feactionation No. 


ey 





_Desoxy pentosenucleic acid 


























| \ . 
Whole homogenate. .. 2.52 | 2.49 | 2.34 | 2.27 3.41 | 3.04 | 2.13 | 2.08 
Nuelei.. * | 2.28 | 2.41 | 2.28 | 2.20 | 3.21 | 2.85 | 1.98 | 1.94 
Large seeaiidieid..... | 0.21 | 0.08 | 0.15 0.06 | 0.11 | 0.11 | 0.08 | 0.12 
Small | | | 
Supernatant fluid | | | 
mee ee Rarer ee ree Se ee ce: 
' | | | 
Recovery... .. | 2.49 | 2.49 | 2.43 | 2.26 | 3.32 | 2.96 | 2.06 | 2.06 
Pentosumdate acid 
mr maa Su anne aed, 
Whole homogenate...........| 7.06 | 5.83 | 6.83 | 6.05 | 5.00 4.63 | 4.81 | 4.16 
Nuclei... ...| 0.47 | 0.60 | 0.61 | 0.58 | 0.74 | 0.66 | 0.64 | 0.34 
Large granules... ...| 1.93 | 1.83 } 2.29 | 1.77 | 1.24 | 0.95 | 1.02 | 1.05 
ee | 1.99 | ve 1.79 | 1.66 | 1.33 | 1.02 | 1.18 | 0.95 
Supernatant fluid. | 1.89 | 1.39 | 1.42 | 1.50 | 1.56 | 1.57 | 1.36 | 1.55 
AERA APIDE EEE Re P Padees (ates | 
kena). : | 6.28 | 5.50 | 6.11 | 5.51 | 4.87 4.20, 4.20 | 3.89 
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ratio of desoxypentosenucleic acid to nuclear protein was similar for al] 
four groups. 91 to 98 per cent (average 95) of the desoxypentosenucleic 
acid was found in the nuclear fraction and 3 to 8 per cent (average 5) was 
in the large granules;? none was detected in the other fractions. 

The livers of animals fed the basal diets contained an average of 6.44 mg, 
of pentosenucleic acid per gm., whereas the livers of animals receiving 
p-dimethylaminoazobenzene averaged 4.65 mg. per gm. (Table III), 
Among the fractions the largest reduction in pentosenucleic acid occurred 
in the large and small granules; the decreases were 45 and 37 per cent 
respectively. The large granules of livers from rats fed the basal diets 
contained an average of 49 mg. of pentosenucleic acid per gm. of protein, 
while the corresponding fraction from animals receiving the dye averaged 
41 mg. per gm. of protein. The levels of pentosenucleic acid in the small 
granules were 105 and 74 mg. per gm. of protein for the livers of rats fed 
the basal and dye-containing diets, respectively. The greatest decrease 
in the ratio of pentosenucleic acid to protein was therefore in the small 
granule fraction. The contents of this acid in the nuclei and supernatant 
fluids did not differ significantly from group to group. Recoveries of 
this constituent ranged from 87 to 97 per cent (average 92).4 

Riboflavin Distribution—Consumption of p-dimethylaminoazobenzene 
by rats receiving diets low or high in riboflavin reduced the level of ribo- 
flavin in their'livers by 28 and 43 per cent respectively (Table IV). These 
effects were largely the result of decreases of 40 per cent in the level of 
this vitamin in the large granules and supernatant fluids of rats fed the 
low riboflavin diet and 50 per cent for those fed the high riboflavin diet. 
In contrast to these selective decreases the difference in riboflavin content 
of the livers from rats fed the basal diet low or high in riboflavin was due 
to a drop of 33 to 50 per cent in the vitamin content of each of the four 
fractions. In all cases the differences far exceeded any observed changes 
in protein content. The recoveries of riboflavin ranged from 94 to 104 per 
cent (average 101). 

Distribution of Protein-Bound Aminoazo Dyes—The analyses for total 
protein-bound aminoazo dyes (Table V) are expressed arbitrarily as log 
I)/I X 10® per gm. of liver, since the light absorption per unit weight of 
the dye released from the liver protein is not known (1). However, acid 
solutions of these dyes followed Beer’s law; hence, the optical density was 
directly proportional to the concentration of the aminoazo dyes. The 


The desoxypentosenucleic acid is found exclusively in the nuclear fraction if 
the centrifugation time at 600g is increased to 10 minutes. 

‘Subsequent work has demonstrated that recoveries of pentosenucleic acid rang- 
ing from 93 to 99 per cent are obtained if the homogenates are kept at 0-3° up to 
the time the trichloroacetic acid is added, 
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all livers were taken for analysis after 4 weeks of dye feeding, since the content 
eic of bound dye in the liver reaches a maximum at about this time. In agree- 
vas 
: TaBLe IV 

. Distribution of Riboflavin in Liver Fractions 

“A Micrograms of riboflavin per gm. of fresh liver. 

'T). Basal Basal + dye 

red } ; Low riboflavin | High riboflavin | Low riboflavin | High riboflavin 
ent Liver fraction \ 

etn Fractionation No. 

ain, | 1 2 3 4 5 6 7 8 
zed | Whole homogenate...........} 12.4] 11.1 | 20.7] 23.1 | 8.4] 3.5 | 13.4 | 11.7 
eee 0.8) 1.01 2.41 FS) 161 1471 24 ae 
fed | Large granules............... 6.2| 5.3] 11.0] 12.3] 3.3] 3.7] 5.6] 5.9 
2 = err 1.6] 1.2} 2.6] 2.8] 26] 1.0] 1.9| 2.3 

Supernatant fluid............ 4.1) 2.9) 6.0] 6.7] 1.8| 2.4] 4.0] 2.1 

nall 

- ae ete 12.7 | 10.4 | 21.0 | 23.0] 8.7| 8.8] 13.9} 11.3 
Mg 

—_ TaBuie V 

7 Distribution of Protein-Bound Aminoazo Dyes in Liver Fractions of Rats Fed 

: - p-Dimethylaminoazobenzene* 

nene Measured in acid-ethanol at 520 my and expressed as log Jo/J X 10* per gm. of 
1 of fresh liver. 

the pena Seer 

liet Low riboflavin High riboflavin 

tent Liver fraction Fractionation No. 

due 5 6 7 8 

ned Whole homogenate............. 465 435 297 415 
ame “lo eee 63 59 43 24 
; per large granules................. 72 50 35 49 

Small PEE til in ht: Weak are 58 69 42 47 

otal | Supernatant fluid.............. 248 230. 173 269 
a ee. 441 408 | 293 389 
it of | 

acid * The non-specific absorption in the bound dye extracts was determined by carry- 
was ing each of the protein samples from the liver fractions of the rats fed the basal diets 


The (Fractionations 1 to 4) through the bound dye determination. The absorption of 
these extracts at 520 my gave the following corrections to be applied as log I»/I X 10 


on if per 100 mg. of protein: whole 38, nuclei 68, large granules 42, small granules 46, and 
supernatant fluid 38. ; 





rang- , ‘ ‘ , , . hoes ‘ 
yp to | ment with earlier work (1) feeding a high level of riboflavin with p-dimethyl- 
aminoazobenzene reduced the level of protein-bound dye in the liver. The 
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level of dye found in Fractionations 5, 6, and 7 was more nearly typical 
of other results than that for Fractionation 8; however, occasionally the 
ranges of dye content for animals fed the diet high and low in riboflavin 
overlap slightly when analyses are made at 4 to 6 weeks. In both cases 
the livers from animals fed the high level of riboflavin contained 29 to 44 
per cent less protein-bound dye in the sedimentable fractions than the 
livers from rats on the low riboflavin diet, although the supernatant fluid 
from Fractionation 8 (high riboflavin) contained more bound dye than 
either supernatant fluid in the low riboflavin group. That all proteins 
do not carry the same amount of dye per unit weight is evident from a 
comparison of the levels of bound dye and protein (Table II) in the various 
fractions. For instance, the supernatant fluids, which contained an 
average of 44 per cent of the liver protein of dye-fed animals, had 57 per 
cent of the protein-bound dye, while the large granules with an average 
of 23 per cent of the liver protein contained only 13 per cent of the bound 
dye. The concentration of protein-bound dye in each fraction may be 
compared by calculating the optical densities per gm. of protein. For 
Fractionations 5 and 6 the average values were whole homogenate 3.63, 
nuclei 2.37, large granules 2.20, small granules 4.22, and supernatant fluid 
4.97. The recoveries of protein-bound aminoazo dye were from 94 to 99 
per cent (average 96). 


LISCUSSION 


The selective decrease in the protein content of the small granule fraction 
of the rat liver following administration of p-dimethylaminoazobenzene 
is of interest since Schneider (11) found aneven larger decrease in the protein 
content of the same fraction in hepatic neoplasms induced by this dye. 
Opie (12) noted that after feeding the carcinogen to rats for 1 or 2 months 
there was a histologically demonstrable decrease in the content of pentose- 
nucleic acid in the particulate elements of the liver cytoplasm. ‘This is 
confirmed by the finding that a considerable reduction in the level of this 
constituent occurred in the isolated large and small granules from livers of 
rats treated in the same manner. It is established that the feeding of p- 
dimethylaminoazobenzene results in a large decrease in hepatic riboflavin 
(6, 18, 14). The loss of this vitamin has now been localized in the large 
granules and supernatant fluid. The highest concentrations of protein- 
bound dye occur in the small granules and supernatant fluid, but high 
levels of dietary riboflavin reduced the amount of bound dye in each of 
the four fractions to about the same extent. While the bound dyes appear 
to be involved in the carcinogenic process induced by the ingested dye (1), 
it is not yet possible to decide in which fraction, if any, they are of the 
most importance. 
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SUMMARY 


1. The livers of rats fed various diets for 4 weeks were homogenized 
and differentially centrifuged in a hypertonic sucrose medium to yield 
the nuclei, large granules, small granules, and a final supernatant fluid. 
The homogenates and fractions were analyzed for protein, nucleic acids, 
riboflavin, and protein-bound aminoazo dye. 

2. The ingestion of p-dimethylaminoazobenzene in the diet low in 
riboflavin increased the protein and desoxypentosenucleic acid contents 
of the nuclear fraction by 37 and 29 per cent, respectively. Ingestion of 
the carcinogen in diets containing either low or high levels of riboflavin 
reduced the protein content of the large granules by 35 per cent, lowered 
the levels of pentosenucleic acid in the large and small granules by about 
40 per cent, and decreased the levels of riboflavin in the large granules 
and supernatant fluid by 45 per cent. 

3. When p-dimethylaminoazobenzene was fed, each liver fraction con- 
tained protein-bound aminoazo dye. The highest concentrations were 
found in the small granules and supernatant fluid. Ingestion of a high 
level of riboflavin lowered the level of bound dye in each fraction. 
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THE DISTRIBUTION PATTERN OF SULFUR-LABELED 
METHIONINE IN THE PROTEIN AND THE FREE 
AMINO ACID FRACTION OF TISSUES AFTER 
INTRAVENOUS ADMINISTRATION* 


By FELIX FRIEDBERG,t HAROLD TARVER, ann DAVID M. GREENBERG 
(From the Division of Biochemistry, University of California Medical School, Berkeley) 


(Received for publication, November 5, 1947) 


As a result of studies with isotopically labeled amino acids in recent years, 
it has become firmly established that there is a continuous interchange 
between the amino acids of body protein and free amino acids supplied by 
the circulation. In most of the previous experiments on the incorporation 
of labeled amino acids into protein, the animals were sacrificed at a single 
time interval after administration of the amino acid. Few experiments on 
the change in labeled amino acid uptake with time have been reported. 
Furthermore, in practically all instances the labeled amino acids have been 
administered orally. This exposes the intestinal mucosa and liver to much 
higher concentrations of amino acids initially than the other tissues and 
may yield a false picture of the synthetic activities of these tissues. In the 
experiments to be reported here, the labeled amino acid has been injected 
intravenously into rats. 

Other experiments have also demonstrated marked differences in the 
rate of incorporation of labeled amino acids by various tissues and organs, 
intestinal mucosa, kidney, and liver exhibiting a high rate, and muscle and 
brain a very much lower rate. Since it has already been shown that the 
intestinal mucosa is more active in the incorporation of amino acid than 
any other tissue (1, 2), it is important to see whether the activity varies 
along its length as does the function. In order to study this, additional 
experiments have been performed on dogs, which were likewise injected 
intravenously with methionine. 


EXPERIMENTAL 
Experiments with Rats 


Protein Fractton—vu-Methionine containing S* (3, 1) was added to an 
amino acid hydrolysate (parenamine, Stearns) and injected by way of the 
jugular vein into male rats weighing about 150 gm. In the experiments 


* Aided by grants from the Research Board of the University of California, and 
from the American Cancer Society on the recommendation of the Committee on 
Growth of the National Research Council. 

+ National Cancer Institute Senior Research Fellow, 1947-48. 
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presented in Fig. 1, the rats were fasted 4 hours before the injection of 0.8 
ml. of the parenamine-methionine mixture,! and no food was given there- 
after. In the experiments summarized in Fig. 2, the rats were fasted 6 
hours before the injection of 2 ml. of the parenamine-methionine mixture, 
and then they were immediately placed on a regular stock diet. 

At intervals as indicated in Figs. 1 and 2 an animal was sacrificed; the 
protein was precipitated from the homogenized tissues with 10 per cent 
trichloroacetic acid and washed four times with 5 per cent trichloroacetic 
acid. The product was digested with Pirie’s reagent and analyzed for 
inert sulfur by benzidine precipitation and subsequent titration with 0.05 
N NaOH, and for radioactive sulfur by barium chloride precipitation and 
counting in the Geiger-Miiller counter (4). 

Free Amino Acid Fraction—Two male rats (about 120 gm. each) received 
labeled methionine equivalent to 0.04 gm. of amino nitrogen per kilo of 
body weight by way of the jugular vein. 15 minutes after the injection the 
blood plasma and the desired tissues were collected and 5 per cent tri- 
chloroacetic acid filtrates were prepared by adding 5 ml. of the acid to about 
1 gm. of tissue (accurately weighed) in a glass homogenizer. An aliquot of 
the filtrate was digested with Pirie’s reagent and after acidification the 
sulfur was precipitated with 10 per cent barium chloride and the radio- 
activity determined. To obtain a sizable sulfate precipitate, 10 ml. of 0.05 
N H.SO, were added to all samples. 

Experiments with Dogs 

Two dogs (weighing 1.6 and 2.3 kilos) were injected intravenously (femo- 
ral vein) with 1 and 2 ml., respectively, of 0.9 per cent sodium chloride con- 
taining a trace of S*-labeled methionine. Food was removed 6 hours prior 
to the injection, and 6 hours after the injection the animals were sacrificed. 
The entire gastrointestinal tract was removed and flushed with water; the 
mucosa (and submucosa) was obtained by pressure from the outside of the 
tract, and the activity of the proteins, precipitated with 10 per cent tri- 
chloroacetie acid, was determined. 

DISCUSSION 

The present experiments demonstrate that the pattern of distribution of 
the labeled amino acid is essentially the same regardless of whether the 
amino acid is administered orally or intravenously, in trace amounts or in 
considerable quantity. However, it should be noted that the actual up 
take by the tissues is less in these experiments than in those in which the 
methionine was fed in small doses (5). 


1 This mixture consists of a solution of parenamine (a protein hydrolysate) with a 
content of 16 mg. of total a-amino nitrogen and 36 mg. of methionine per ml]. A small 
amount of labeled methionine (about 0.1 mg. possessing 16,000 counts per minute 
was added to each ml. 
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In the fasted animals (Fig. 1) a period of rapid incorporation of the amino 
acid into the protein is followed by a period of stabilization of the tagged 
sulfur within the various organs. The intestinal mucosa proteins show the 
highest specific activity, but they also exhibit a rapid loss of activity, @.e. a 
rapid turnover. The support of the high rate of secretion of protein into 
the intestine as enzymes and as mucous proteins requires a high rate of 
protein synthesis (2). Other organs (e.g., the pancreas) that secrete pro- 
teins in large amounts would also be expected to show rapid incorporation 
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Fig. 1. Specific activity of sulfur in the protein of rat tissues immediately after 
intravenous injection of labeled methionine. The rising parts of the curves illustrate 
the incorporation of the sulfur-containing amino acids into the tissue proteins. 


of methionine. Since the pancreas of the rat is diffuse and not easily re- 
moved as a unit, a separate experiment on dogs was performed. 6 hours 
after the intravenous administration of labeled methionine to dogs, the 
following pattern of activity was obtained: muscle 0.04,? thymus 0.19, liver 
0.23, ling 0.24, kidney 0.37, spleen 0.38, pancreas 0.39, and intestinal 
mucosa 0.80. The value for the pancreas, therefore, is second only to that of 
the intestinal mucosa. 

The pattern of activity shortly (3 hour) after intravenous administration 
of the amino acid is not identical with that observed after a longer time 
interval (3 to 42 hours) (see Fig. 1). In the first half hour the specific 


2 Expressed as (specific activity X 100 X weight of animal in kilos)/(dose admin- 
istered). 








358 DISTRIBUTION OF LABELED METHIONINE 


activity of the plasma is remarkably low (the values of the proteins of the 
liver are higher than those of the proteins of the kidney or plasma), and the 
proteins of the intestinal mucosa already show the highest activity. Repe- 
tition of this experiment gave identical results. Several hours later, the 
following pattern in order of decreasing activity exists: intestinal mucosa, 
kidney, plasma, liver, testis, heart, brain, and muscle. The belated activity 
of the plasma protein is not surprising, since in all probability these pro- 
teins are formed mainly in the liver and poured into the plasma (6). _ The 
finding that the specific activity of liver protein is lower than the specific 
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Fic. 2. Specific activity of sulfur in the proteins of rat tissues in the later stages 
after intravenous injection of labeled methionine. The curves in this figure illustrate 
the rate of dilution of radioactive methionine by inert sulfur. 


activity of plasma protein (except within the first half hour) at first sight 
is difficult to reconcile with the general concept that the liver is the primary 
site of plasma production. A plausible explanation is that the liver value 
represents an average of secretatory proteins of high specific activity and 
structural proteins of low specific activity within the same organ. 

The pattern of distribution described here with methionine is very sim- 
ilar to that obtained by the use of carbon-labeled tyrosine (7) and thus 
suggests that the same metabolic process is responsible in both cases. 

The value for the protein of red blood cells, which at first is lower than 
for that of any other organ, rises continuously, while the proteins of all 
other tissues and that of the plasma exhibit a downward trend (Fig. 2). 
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Hence, the curves for the proteins of plasma and red cells intersect between 
the 5th and 6th day after the administration of the labeled amino acid. 
Probably this is due to the time required for the maturation of the red 
eell even after its proteins have incorporated the labeled methionine. 

The activity levels of S** in the proteins of the various organs tend to 
approach a common value. This tendency for equipartition is slow as 
compared to the rapid rate of incorporation. The proteins of the more active 
tissues (kidney, liver) show a faster decline in their specific activity than do 
those of the inert tissues (muscle, brain, etc.). It should be noted that 
the proteins of the plasma lose their activity faster than those of the liver, 
possibly because the plasma proteins serve not only for the maintenance 


TaBLeE I 


Distribution of Labeled Sulfur in Free Amino Acid Fraction 15 Minutes after 
Administration of Labeled Methionine* 














Tissue Rat 1 Rat 2 
0 Ee ee er re 1.53 2.74 
Spleen... 1.05 1.44 
MMII, 5 500. bo. ods oic Beateeres 0.96 1.34 
ME Ck Pbwiors iu watioea weL ae 0.88 1.22 
| SRE TE py re . 1.08 
PRMROERO? cs Sass eh ca ng nea anes 0.77 
Intestinal mucosa............... 0.40 0.41 
PORTE 5 5 as 55-4 0s hands Co EN 0.34 0.65 
ENB a a. 5 23 Sys sons uG eee .o2 0.34 
Brain..... its cena Rte .12 | 0.18 





* Activities are expressed as follows: (counts (per:‘minute) per 100 gm. of tissue 
or 100 ml. of plasma)/(counts in administered dose (per minute)). 


of the vascular osmotic pressure, but also as a source of protein material 
for other tissues of the body. 

From the distribution of S* in the amino acid filtrates, determined 15 
minutes after the injection of labeled methionine (Table I), it can be seen 
that the pattern of concentration for the free amino acid is similar to that © 
for sulfur incorporated into the protein. However, the intestine no longer 
shows the highest degree of accumulation. This picture is not altered 
even if the results are expressed on the basis of dry weight. Furthermore, 
the level of S* activity in the muscle is much higher than that of the brain, 
whereas the incorporation of S* into the protein of these two tissues is 
nearly identical. The inability of the brain to concentrate amino acids 
has been reported previously (8). If an amino acid is injected into the 
cisterna magna of an animal, however, the blood-brain barrier is by-passed 
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and the protein of liver, plasma, or kidney will incorporate less amino acid 
than the protein of the brain.* 

The rapid rate of incorporation and removal of methionine from the 
protein of the intestinal mucosa‘ is shown in Figs. 1 and 2. The 
variation in incorporation along the length of the gastrointestinal tract 
in the two dogs is shown in Fig. 3. The incorporation in the stomach 
mucosa was very low, and three peaks of activity were found in the intes- 
tinal mucosa. These peaks appeared in the region of the junction of the 
duodenum and jejunum, the junction of the jejunum and ileum, and in 
the terminal segment of the large intestine. 
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Fig. 3. Specific activity of sulfur in the protein of the mucosa of different parts of 
the gastrointestinal tract after intravenous injection of labeled methionine. The 


upper labels of the gastrointestinal tract refer to the dashed curve, the lower labels 
to the solid curve. 


SUMMARY 


The distribution pattern of the labeled sulfur in the proteins and the 
free amino acid fraction of the tissues of fasted rats after the intravenous 
administration of methionine labeled with radioactive sulfur has been 
determined. 

A period of rapid incorporation of the amino acid into the protein is 

3 Friedberg, F., and Greenberg, D. M., unpublished data. 

4It is intestinal mucosa that exhibits a high specific activity and not intestinal 
muscle. The latter shows a slightly lower value than does the liver. The following 
is an illustrative example: activities at 6 hours after administration. intestinal 
muscle 0.66, intestinal mucosa 1.21, liver 0.76, kidney 1.07. 
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followed by stabilization of the tagged sulfur within the varigus organs. 
The pattern of incorporation of S* in order of decreasing activity was as 
follows: intestinal mucosa, pancreas, spleen, kidney, plasma, liver, testis, 
heart, brain, and muscle. The value for the protein of red blood cells, 
which at first is lower than that of any other organ, rises continuously, 
while all tissues and the plasma exhibit a downward trend. 

In the dog the rate of incorporation is very low for the proteins of the 
stomach mucosa. Maxima of uptake were observed in the region of the 
junction of the duodenum and jejunum, the junction of the jejunum and 
ileum, and in the terminal segment of the large intestine. 


BIBLIOGRAPHY 


1. Tarver, H., and Schmidt, C. L. A., J. Biol. Chem., 146, 69 (1942). 

2. Friedberg, F., Science, 105, 314 (1947). 

3. Tarver, H., and Schmidt, C. L. A., J. Biol. Chem., 180, 67 (1939). 

4. Tarver, H., and Schmidt, C. L. A., J. Biol. Chem., 167, 387 (1947). 

5. Tarver, H., and Morse, L. M., J. Biol. Chem., 178, 53 (1948). 

6. Tarver, H., and Reinhardt, W. O., J. Biol. Chem., 167, 395 (1947). 

7. Winnick, T., Friedberg, F., and Greenberg, D. M., J. Biol. Chem., 173, 189 (1948). 
§. Friedberg, F., and Greenberg, D. M., J. Biol. Chem., 168, 411 (1947). 

















a 


col 
sta 
the 
ligh 
aff 


dist 


of « 
dire 
the 


kno 
pro 








A SIMULTANEOUS CARR-PRICE REACTION FOR THE 
DETERMINATION OF VITAMIN A 


By WALTER KOCH anp DEBORAIT KAPLAN 


(From the Department of Hygiene and Bacteriology, The Hebrew University, 
Jerusalem, Palestine) 


(Received for publication, August 15, 1947) 


There are several shortcomings in the estimation of vitamin A from the 
color developed by the Carr-Price reagent. Most of the interfering sub- 
stances can be removed by saponification, but development and fading of 
the blue color depend also on the age of the reagent (1) and the intensity of 
light to which the mixture is exposed (2). Increased temperature seems to 
affect the stability of the color (3), and even different batches of SbCl; give 
| discordant results (4). 

Earlier attempts to match the color in a block comparator with solutions 
of copper and cobalt salts (5) were therefore superseded by methods with 
direct reading photoelectric colorimeters for estimating the fleeting color; 
| the results (6), however, with different instruments vary. 

An attempt has therefore been made to work out a method in which un- 
known and standard vitamin A solutions are treated simultaneously. This 
procedure avoids most of the above pitfalls. 


Principle 

A vitamin A ester distillate of known strength serves as a standard. 
From this vitamin A ester two dilutions with chloroform are prepared, 1:5. 
By comparing the Carr-Price reaction in both of these dilutions of the stand- 
ard a calibration diagram is obtained. Then the strength of the unknown 
is compared with that of the weaker standard, and its vitamin A content 
read from the calibration diagram. 

Malerials— 

Chloroform. 

Saturated solution of SbCl; in chloroform. 

Acetic acid (concentrated). 

Distilled vitamin A concentrate (containing 201,500 U. 8. P. units per 
gm., or 5.65 per cent of vitamin A’), 


Apparatus and Methods 


Colorimeter—A Lumetron colorimeter is modified for this purpose (Fig. 
1). The light from a tungsten lamp (1) passes a lens (2), a Corning filter 


1 We are indebted to Distillation Products, Inc., Rochester 13, New York, for their 
kind gift of standardized vitamin A capsules. 
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(3) with a peak at 610 my, two test-tubes (4 and 4’), and strikes two similar 
photocells (5 and 5’) of the barrier layer type. Both cells can be turned 
around the vertical axis (as indicated by curved arrows) which changes the 
angle of incidence and thus the amount of light reaching them. The elec- 
trom stive forces developed by the cells are compared on a calibrated bridge 
(6) which reads from 0 to 100 per cent transmission, zero being indicated by 
a sensitive galvanometer (7). 

Double Pipette—Two 5 ml. graduated pipettes (to deliver) are selected 
which are equal in length when measured from the tip to the 4 ml. mark, 


2 3 
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Fic. 1. Diagram of modified Lumetron colorimeter. Light from a lamp (/) 
passes a lens (2), a filter (610 my) (3), two test-tubes (4, 4’), and strikes two photocells 
(5, 5’) which can be tilted as indicated by the arrows. The current generated by 
both cells is balanced on a slide wire bridge (4), the galvanometer (7) indicating zero. 
While /, 2, 3, 6, and 7 are standard equipment of the Lumetron, the test-tube holders 
(4, 4’) and the photocells (5 and 4’) are attached to an ebonite plate similar to the 
test-tube adapter of the Lumetron. 6 and 4’ are rectangular photocells (16 x 36 
mm.) which are available as spares for light meters. The cells are suspended from a 
vertical shaft which passes through the ebonite cover in a light-tight packing. An 
adjusting knob attached to the upper (outer) end of the shaft of each photocell 
facilitates tilting. 


They are cut off slightly above the 5 ml. mark and joined, parallel to each 
other, by a T-shaped glass tube so that the double pipette looks like an 
inverted Warburg manometer. The length of both legs should equal that 
of the test-tubes in the colorimeter (Fig. 1, 4, 4’). As both pipettes are to 
deliver an equal amount of the Carr-Price reagent simultaneously and with 
equal speed, their time of delivery should be checked with water or gly- 
cerol. If there is any difference, the tip of the slower one is widened by 
grinding. 
Procedure 


Several dilutions of the standard in chloroform are prepared, containing 
10, 20, 25, 30, 40, and 50 U.S. P. units of vitamin A per ml. respectively. 


2 Filter 620 would be more specific, but Filter 610 was chosen as it has a greater 
over-all transmission and thus allows rather concentrated solutions to be tested. 
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Two matched test-tubes, filled with chloroform, are inserted into the 
colorimeter (Fig. 1, 4, 4’). The bridge (6; is set to read 80 per cent trans- 
mission; this value is arbitrary but proves to Le convenient. ‘lhen the 
resistance of the light source (/) is adjusted to yield a convenient intensity 


BRIDGE READINGS 





—— amen 
30 60 90 120 150 
SECONDS 


“180 


Fic. 2. Difference in fading of Carr-Price color. The bridge shown in Fig. 1 is set 
to read 80 when starting. Different concentrations of the standard (QO), viz. 50, 40, 
30, 25, and 20 U. 8. P. units per ml., are compared with a standard containing 10 
U.S.P. units perml. Note that with falling concentration the curves become flatter, 
change their slope, and approach the 80 bridge reading line. ZL and L’ (@) are two 
dilutions of the non-saponifiable fraction of sheep liver. 


of light. Light intensity is estimated by connecting the photocell (5) 
directly to the galvanometer (7). Though strict maintenance of the light 
intensity is not necessary, as a balanced circuit is used (Fig. 1), reproduci- 
bility is better if the light intensity is similar in subsequent tests. By 
slightly tilting one or both of the photocells a zero reading on the galvanom- 
eter (7) is obtained. ‘The test-tubes containing chloroform are now re- 
placed by two others to which 1 ml, of two of the standard dilutions has 
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been transferred; e.g., 1 ml. of the 10 unit and 1 ml. of the 50 unit standard 
respectively. As can be deduced from the wiring diagram in Fig. 1, the 
stronger standard has to be inserted into the test-tube (4). About 3 drops 
of acetic acid are now added to either test-tube. ‘The Carr-Price reagent is 
drawn into the double pipette up to the 4 ml. mark from a wide mouthed 
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Fig. 3. Calibration diagram for determining unknown concentrations. This 
figure is complementary to Fig. 2. The 50 U.S. P. unit bridge readings (line next to 
the bottom in Fig. 2) are plotted on the 50 unit ordinate in Fig. 3. All of these points 
are connected by straight lines with a point where the 10 unit line (abscissa) and the 
80 bridge reading line (ordinate) meet. Unknown concentrations are determined 
simply by entering each bridge reading on the appropriate seconds line (@, L-L), and 
plotting the best fitting straight line (broken line) back to the abscissa, where the 
result (36.7 units) is read. The dots are identical with line L in Fig. 2. 


bottle and delivered into both test-tubes containing the standard. As soon 
as delivery of the reagent commences, a stop-watch is started, and readings 
on the measuring bridge (Fig. 1, 6) are taken every 15 seconds. The curve 
marked 50 on the right-hand scale of Fig. 2 shows bridge readings versus 
time for 50 U.S. P. units when compared simultaneously with 10 U. S. P. 
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units. When the test is repeated with 40 U. S. P. units and 10 U. S. P. 
units as the weaker standard, the curve marked 40 on the right-hand in Fig. 
2 is obtained. Again, if 40 U.S. P. units are replaced by 30, 25, and 20 
U.S. P. units respectively and the weaker standard kept at 10 U.S. P. units, 
a family of curves, indicated in Fig. 2 by hollow circles, emerges. An un- 
known substance may be interpolated by comparing it similarly with the 
standard containing 10 U. 8S. P. units per ml. Curves L and L’ (Fig. 2) 
show two dilutions of the unknown, the non-saponifiable fraction of sheep 
liver. It can be readily seen that determining the unknown by interpola- 


tion is rather cumbersome, and a simpler method, described below, is 
therefore advocated. 


Calculations 


By plotting bridge readings versus concentration of vitamin A, and con- 
necting the points of equal time, straight lines are obtained (Fig. 3) which 
converge to a point situated where the 10 unit line (abscissa) meets the 80 
per cent bridge reading line (ordinate). The common intersection point 
simply reflects the fact that the galvanometer remains stationary (indicat- 
ing zero) at all times if both test-tubes contain equal amounts of vitamin A. 
As the lines obtained in Fig. 3 are straight and their intersection is known 
in advance, all one has to do is to prepare two standard dilutions. It will 
be readily appreciated that an unknown is more easily determined from 
Fig. 3 than from Fig. 2. Line L in Fig. 3 is identical with line L in Fig. 2. 
To estimate an unknown from Fig. 3 all that has to be done is to connect the 
dots by the best fitting straight line and plot it back to the abscissa, giving 
36.7 U.S. P. units per ml. as an estimate of the unknown. 


DISCUSSION 


It has been pointed out (2) that low intensities of light should be used in 
measuring the Carr-Price color, as it is not stable towards light; in the pro- 
posed method standard and unknown are exposed to the same intensity of 
light, and only the difference in fading between standard and unknown is 
measured. Though the unknown should fall between two concentrations 
of the standard, a fair estimate may still be obtained if the dilution of the 
unknown contains less vitamin A than the weaker standard, for the guiding 
lines shown in Fig. 3 still hold good when extended beyond the common in- 
tersection point. But as readings towards the upper end of the scale be- 
come less reliable, a result obtained above 90 per cent on the scale read- 
ing would indicate that a more appropriate dilution should be chosen for 
the next experiment. Though the Carr-Price color fades, this does not 
seem to interfere with the reliability of readings of the unknown obtained 
at different times after the reagent is added, for the cluster of dots (repre- 
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senting the unknown in Fig. 3) seems randomized. To test this point fur- 
ther let us compare two dilutions of the unknown, viz. L and L’ (see Fig. 2), 
where L’ has been obtained by adding 7 ml. of chloroform to 3 ml. of L, 
The estimate of L’ is performed from Fig. 3, as was donefor L. As already 
mentioned, the estimate for dilution L is 36.7 units (mean), with a standard 
deviation of 0.27 unit; L’ yields 11.2 units (mean), with a standard devia- 
tion of 0.21 unit. This seems to be in favor of the higher dilution (L’), as 
its standard deviation is smaller, but this advantage is offset, as the coe‘fi- 
cient of variation is 
ieee, tek = te 
36.7 11.2 

It does not therefore seem that accuracy would be greatly enhanced by 
making the standard and unknown nearly identical. It will, however, be 
noticed that both dilutions vield practically the same estimate. 

The result obtained from the Carr-Price reaction is also in fair agreement 
with the figure obtained from the absorption in the ultraviolet. For deter- 
mining the ultraviolet absorption the unknown and standard are diluted to 
read 50 per cent transmission, with the blank as 100 per cent transmission 
(7); this value rather than E}%, is used in estimating the unknown.? We 
thus find 492.5 U. 8. P. units per gm. of sheep liver from the ultraviolet ab- 
sorption and 443 U.S. P. units per gm. from the pooled estimates (L’ and 
L) shown in Fig. 2. 

The method as described above is applicable to the estimation of vitamin 
in liver and oils. Experiments are under way to adapt the simultaneous 
Carr-Price reaction to materials low in vitamin A and to those cases as well 
in which interfering matter cannot readily be eliminated by saponification. 


SUMMARY 


A method is described for determining vitamin A simultaneously in stand- 
ard and unknown, thus canceling errors due to different treatment of 
standard and sample. Readings of the Carr-Price color can be taken more 
at leisure, as the difference in fading rather than the fading of the color it- 
self is measured. A simple reference diagram for converting readings into 
vitamin A units is given. 


* As E\% cannot be actually measured in determining the ultraviolet absorption 


of vitamin A, the density being too high, the half value, W?_, , is suggested instead 


(7). The half value is the weight of a substance (in gm.) which has to be contained 
in 1 ml. of solvent in order to reduce the transmitted light by half, the length of the 
path being 1 cm. and the light transmitted by the solvent alone being unity. By 


falling always into the sensitive range, i oll does not call for extrapolation as in the 


case of Z1% . Obviously, when a solution follows Beer’s law over a very wide range 
E\% and W320 are connected by £!% = 0.00301/W?? 
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TECHNIQUES FOR IN VIVO TRACER STUDIES WITH 
RADIOACTIVE CARBON* 
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In view of the increasing importance of radioactive C* in biological 
studies and the lack of extensive literature on methods for assaying this 
isotope in animal tissues and fluids, it is felt that such methods as have 
been found useful might be worthy of recording. Described herein are 
techniques for the collection of excretory products suspected of containing 
isotopic carbon from mice, quantitative oxidation of tissues and excretory 
products prior to activity assay, and an application of the method of Miller 
(1) with slight variations for assay of BaCO; resulting from the above 
oxidation. 


EXPERIMENTAL 


Metabolism Chamber for Collection of Excretory Products—In an attempt 
to carry out a balanced experiment in tracer biochemistry with carbon 
isotopes, it is of course necessary to include the respiratory system as a 
possibly important excretory route. This fact, along with such others as 
economy of carbon isotope and dilution factors related to animal weight, 
may influence one to choose the mouse as an experimental animal, at least 
in exploratory studies. 

In order to measure the quantity and rate of excretion of active carbon 
by the respiratory route, it is necessary to utilize an absorption line in 
which the CO, exhaled by the animal can be quantitatively absorbed for 
subsequent precipitation and weighing prior to radioactive assay. A 
sketch of the apparatus employed in our laboratory for this purpose is 
presented as Fig. 1. By means of the legend on the sketch, the operation 
of the chamber may be described as follows: 

Room air is drawn through a wet test meter, A, and successively through 
absorption bottles containing 10 per cent sodium hydroxide, B, saturated 
barium hydroxide, C, and saturated sodium chloride, D. The carbon 
dioxide is removed from room air in B; the barium hydroxide absorption 
bottle, C, is used simply as an indicator of the adequacy of B. The satu- 
rated sodium chloride solution, D, is employed for equilibration of humidity 


* This work was supported by grants from Mr. Ben May, Mobile, Alabama, and 
the American Cancer Society. 
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in the mouse chamber, EZ, to approximately 75 percent. Feces are collected 
on a Wire screen; urine samples are collected in tube F. Water is supplied 
to the mouse from bottleG. The carbon dioxide exhaled by the test animal 
in the glass chamber F is absorbed in CO.-free sodium hydroxide, H. 
Absorption bottle J, containing saturated barium hydroxide, is used as an 
absorption efficiency indicator. Air flow is maintained at a constant rate 
of about 300 ml. per minute by means of a critical orifice, J, constructed 
of capillary tubing, one end of which has been constricted by fire polishing 
until the proper line air flow is obtained. A pressure drop across the orifice 
is maintained at greater than the critical pressure for air by means of a 
vacuum pump. This requires a pressure differential equal to or greater 
than 14.5 inches of mercury. 

In view of the fact that the respiration of a 20 gm. mouse is of the order 
of 22 ml. per minute and the CO, content of the expired air is approxi- 
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Fre. 1. Apparatus for collecting respiratory carbon dioxide and other excretory 
products. A, wet test meter; B, C, and D, absorption bottles containing 10 per cent 
sodium hydroxide, saturated barium hydroxide, and saturated sodium chloride; E, 
mouse chamber; /’, urine collection tube; G, water bottle; H and J, absorption bottles 
containing CO,-free sodium hydroxide and saturated barium hydroxide; ./, orifice. 


mately 4 per cent, it may be estimated that about 0.05 mole of carbon 
dioxide will be expired by a 20 gm. mouse in 24 hours. 

Typical data, obtained with the absorption line, to collect CO» expired 
by a 25 gm. mouse are given in Table I. 

It is important to maintain an air flow in the mouse chamber great enough 
to prevent accumulation of CO., which might affect respiratory rate. 
Excessively high flow rates, however, result in incomplete absorption. 
When short collection periods were used, we have increased our chamber 
air flow for a few seconds at the end of each period so that the time for 
reaching theoretical clearance of the chamber is very short as calculated 
by Silver’s equation t, = K (a/b) where x is the per cent of nominal con- 
centration attained in time ¢ (minutes), K is a constant, depending on the 
desired degree of equilibration (4.6 for 99 per cent), a is the volume of the 
chamber, and } is the volume of air passing through the chamber each 
minute (2). 
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Oxidation of Animal Tissues for Determination of Radioactive Carbon— 
Because of the low energy radiation of C™ and absorption factors, it is 
impossible to carry out activity assays in tissues per se. This difficulty 
can be overcome by oxidizing the tissues to carbon dioxide and counting 
in this form or as barium carbonate. The procedure we have found satis- 
factory for the oxidation of tissues is an adaptation of the method of Van 
Slyke and Folch (3) for manometric carbon determination. The method 
depends on combustion in a mixture of chromic, iodic, sulfuric, and phos- 
phoric acids, and the preparation of the reagents has been described by 
these authors. In the present work, the carbon dioxide is not determined 
manometrically but is absorbed in sodium hydroxide solution and _ pre- 
eipitated as barium carbonate. The latter is weighed in order to calculate 


TaBLe [ 
Carbon Dioxide Output of 25 Gm. Mouse 








Barium carbonate recovered 
Absorption period 











| Per period Cumulative 

min. | gm. gm. 
0-10 | 0.1841 0.1841 
10-20 0.1203 0.3044 
20-30 0.1647 0.4691 
30-60 0.4086 0.8777 
1-2 0.6700 1.5477 
2-3 0.6783 | 2.2260 
3-4 0.6597 | 2.8857 
1- 5 0.6724 3.5581 
5- 6 0.6243 | 4.1824 
4.2703 


6-24 10.0879 1 


the total carbon content of the tissues and is then reconverted to carbon 
dioxide for determination of the specifie activity in the manner described 
in another section of this report. The reasons for this precipitation of 
CO. and subsequent regeneration for activity assay are that (a) it is con- 
venient for different operators to carry out the oxidations and the activity 
assays, (b) it is desirable to save samples for future check, and (c) it is not 
feasible to allow the acid vapors from the tissue oxidation to enter the 
Geiger tube. The apparatus for oxidation of tissues and absorption of 
COs is shown in Fig. 2. The procedure used is given as follows: 

The sample and potassium iodate are placed in small flask EZ, carbon 
dioxide-free 10 per cent sodium hydroxide in absorption cell B, and barium 
chloride solution in tube D. The small tube A contains saturated barium 
hydroxide solution as an indicator for completeness of carbon dioxide 
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absorption. While a slow stream of nitrogen (or carbon dioxide-free air) 
is passed through the system, the combustion fluid is added slowly from 
funnel C. The flask is warmed gently and then gradually heated to boiling, 
The carbon dioxide formed by the oxidation passes into the absorption cell, 
B, through the sintered glass plate, P, which breaks it into fine bubbles. 
After the oxidation is complete, the apparatus is flushed with nitrogen 
and the sodium hydroxide is run through stop-cock d into tube D where 
the carbonate is precipitated as barium carbonate. The walls of B are 
carefully washed with water. Stop-cock a is opened to allow the washing 
of the inlet tube. 


A 
B 
Prey 
d 
D 
e 


Fig. 2. Apparatus for tissue oxidation. A, tube containing saturated barium hy- 
droxide; B, absorption cell containing CO,-free 10 per cent sodium hydroxide; C, 
funnel; D, tube containing barium chloride solution; £, flask containing sample and 
potassium iodate; P, sintered glass plate; a, b, c, d, and e, stop-cocks. 



















The bottom of tube D is connected to the top of a small, tared, sintered 
glass funnel and the mixture in D filtered by suction through stop-cock 
e (which has a wide bore) with the careful exclusion of air. Particles 
of the precipitate are washed from D onto the funnel and the latter is washed 
until free of alkali. The funnel containing the barium carbonate is dried 
for a short time in an oven at 110° and then in a vacuum desiccator before 
weighing. 

The entire operation is carried out under a hood to avoid breathing any 
of the carbon dioxide which might possibly escape. 

Results from the oxidation of samples of known composition are recorded 
in Table II, while those from the tissue combustions are given in Table III. 
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Determination of Radioactive Carbon—The specific activity of barium 
carbonate samples is determined by a slight modification of the method of 
Miller (1), in which the carbonate is converted to carbon dioxide and the 
latter introduced into the counter tube. 

The apparatus is diagrammed schematically in Fig. 3. Essentially, the 
procedure involves the liberation of carbon dioxide from the barium car- 
bonate by addition of perchloric acid, the removal of water by condensation 
at about —80°, the collection of the carbon dioxide by condensation at 
about — 195°, the volumetric measurement of the quantity of carbon dioxide, 
the addition of a predetermined quantity of carbon disulfide, the condensa- 














TaBLeE II 
Analysis of Samples of Known Composition 
— Weight of Weight of BaCOs silos Combu ston 
Calculated Found 
gm. gm. gm. per cent min. 
Benzoic acid 0.0294 0.3328 0.3320 0.24 10-12 
0.0268 0.3033 0.2987 1.50 10-12 
0.0250 0.2830 0.2801 1.02 10-12 
Cystine 0.0255 0.1257 0.1238 1.51 8 
0.0271 0.1336 0.1361 1.87 8 
Fatty acidt 0.0248 0.3088 0.2950 4.46 5 
0.0309 0.3844 0.3639 5.33 6 
0.0307 0.3828 0.3687 3.68 6 
0.0240 0.2991 0.3055 2.14 7 
0.0264 0.3329 0.3243 2.58 7 
0.0330 0.4113 0.4068 1.10 8 
0.0285 0.3552 0.3495 | 1.60 10 

















* Period of heating. 
t Neo-fat-1-65, Armour and Company; stearic acid 90 per cent, oleic acid 4 per 
cent, palmitic acid 6 per cent. Microanalysis showed 75.8 per cent carbon. 


tion of the resulting mixture in the Geiger-Miiller tube, the thorough mixing 
of the gases after evaporation, and the measurement of the counting rate. 

Certain details of the apparatus warrant further mention. The water 
reservoir, Q, for the carbon dioxide generator, O, is provided for ease in 
rinsing down the walls after each generation; if the water is drawn in while 
the generator is under reduced pressure, thorough rinsing occurs. The 
water trap, N, is of concentric tube design. Its outer jacket is removable 
at a ground glass joint for convenient drainage of collected water. The 
volume of the ‘‘doser’’ bulb, K, is such that, when it is filled with carbon 
disulfide vapor in equilibrium with the liquid at the ice point, it contains the 
proper amount to produce 2 cm. of carbon disulfide pressure in the counter 
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TaB.e III 
Oxidation of Mouse Tissues 
Tissue A, normal mouse, 25 gm.; Tissues B and C, mice, 25 gm. each, injected 
with radioactive urethan (35 mg., 2.49 microcuries). 


Weight Combustion time Carbon 
Bs isos aucis sea tawie A B c A B COA | B c 
gm. gm. gm. |Msins. min. ‘min. |Per cent per cent per ina 
1. Blood.. ..| 9.790 | 0.985 | 0.640 | 25 | 30 | 15 | 11.5 | 11.6! 10.4 
2. Spleen _..| 0.280 | 0.130 | 0.090 | 10/10! 5} 10.8 | 13.3 | 13.9 
3. Adrenals | OSGTO 0.010 0.010 | 5| 5! 5 | 13.6 | 18.1 | 333 
4. Kidneys... ....| 0.385 | 0.310 | 0.350 | 10 | 10} 10] 11.9) 9.6} 18.4 
5. Liver.... _.| 1.365 | 1.470 | 1.500 | 20 | 30] 30/ 18.0! 6 14.5 
€. Testes. 0.150 | 0.160 | 0.140 | 10! 10/10! 9.9! 8.7! 10.4 
7. Thymus... 0.010 | 0.020 | 0.020 | 8!) 7} 6! 11.9 | 23.2 | 30.6 
8. Heart. 0.100 | 0.100 | 0.090 | 10! 7! 8 | 14.0} 14.8 | 18.3 
9. Lungs.. ...| 0.185 | 0.140 | 0.140 tO} 6 ¢ | IO tL W3..2..| 138 ae 
10. Lymph nodes......; 0.040 | 0.020 | 0.060 10 | 7 | “8 | 16:2:| 23-6 | 16-7 
11. Brain .....| 0.890 | 0.480 | 0.430 11 | 25 1:20: | 10.8 8.4 | 13.0 
12. Muscle _....-| 0.070 | 0.240 | 0.530 10°}, 6) LT 4-16.29 | 12.31 ise 
13. Stomach and small | 
intestine. .......| 1.855* | 1.900* | 1.430* | 25 | 30 | 30 | 10.9 4.3.1 11:2 
14. Large intestine. ...} 1.440* | 1.650* | 2.750* | 20 | 30 | 40 | 11.0 7.41 10.2 
15. Skin and hair. ....| 2.99 | 3.14t | 3.24§ | 
11.27 | 1.72 |} 0.45 30 | 20 22.0 | 29.2 
0.50 1.42 | 93] 30.4 
0.46 | 16 | 24.8 | 
10.76 | 18 | | 26.2 
16. Carcass...... -os| 9.72] 8.204 10.8 
| 1.31 | 2.76 is | 60 13.9 
8.41 | 1.80 45 
| 1.80 45 
1.84 45 | 
17. Bone... 0.200 10 | 10.0 
18. Urine (bladder). . . | 0.030 3 7.7 
* (collected) ..| 1 0.440 | 1.400 10 | 3.0| 2.6 
o a | 2 0.670 3.4 


* Covered with 85 per cent phosphoric acid before combustion fluid was added. 

+ Divided into four portions for oxidation. The ebullition of carbon dioxide was 
beyond control in the oxidation of the first two portions. The third and fourth parts 
were covered with 85 per cent phosphoric acid before combustion fluid was added; 
oxidation proceeded smoothly then. 

t Divided into two parts for oxidation; each was covered with 85 per cent phos 
phorie acid before combustion mixture was added. 

§ Only a small portion oxidized; covered with 85 per cent phosphoric acid before 
oxidation. 

Oxidized in two portions. Samples covered with 85 per cent phosphoric acid 
before combustion mixture was added. Reaction violent in the case of the larger 
sample because of its extreme size; absorption of carbon dioxide incomplete. 

§{ Oxidized and absorbed in four portions; combined again for precipitation of 
barium carbonate. Samples placed in 85 per cent phosphoric acid before oxidation. 
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tube. The reservoirs, H and J, are of 500 and 1000 ml. capacity; one is 
usually used to store a blank sample for background measurements, and 
the other is used to store discarded samples, so that many such samples 
can be disposed of simultaneously. Although diagrammed otherwise, 
the leveling bulb, G, is permanently sealed just under the mercury reser- 
voir, and the level of the mercury is controlled by vacuum, asis customary 
with McLeod gages. 

The counter, A, is of conventional design, having a copper cathode ap- 
proximately 2.0 cm. in diameter and 20 cm. long and a central wire of 0.004 
inch tungsten. It is mounted vertically, with about 2 inches of lead shield- 
ing on top and about 13 inches on the sides. The shielding on the sides 
extends about 5 inches below the cathode, but there is no shielding directly 


Hien Vacuum 


we, 

Fig. 3. Apparatus used in the determination of radioactive carbon. A, Geiger- 
Miller tube; B, trap; F, mixing bulb; G, leveling bulb; H and J, carbon dioxide reser- 
voirs; J, manometer; K, ‘‘doser’’ bulb; L, carbon disulfide reservoir; M and N, traps; 
0, generator; P, perchloric acid reservoir; Q, water reservoir. 











below the tube. Under these conditions, the background is about 0.75 
count per second. 

Because the voltages required for counting with carbon dioxide are 
higher than are available in commercial Geiger-Miiller counter circuits, 
a 4000 volt supply has been prepared, according to the circuit of Fig. 4 
Exceptional stabilization was not attempted. Instead, a constant voltage 
transformer is used ahead of the supply; the stabilization is adequate to 
control the small fluctuations which pass through the transformer. In the 
circuit, transformer 7'r; and potentiometer R; are ganged. The maximum 
rotation possible with the potentiometer is such that only 115 volts can be 
applied to the primary of high voltage transformer Tr2, when the minimum 
is about 10 volts. Under these conditions, the voltage applied to the 
regulator tube 7’. is about 600 volts when the output voltage is 3500, and 
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is less at lower output voltages. With the voltage available from this 
supply, it is possible to count samples at pressures up to 35 cm. of carbon 
dioxide. 

Since most of the samples were expected to have very low activities, of 
the order of background, classical resistor-condenser quenching was con- 
sidered satisfactory. The quenching resistor is 500 megohms, with a 
5 micro-microfarad condenser in paralle! and a 20 megohm resistor in series 
to supply the signal to the preamplifier. A commercial scale of 32 circuit 
is employed. 





























Fic. 4. Schematic diagram of high voltage supply. 71, OC3/VRI105; 7», 6SF5; 
T'3, 2X2/879; T,. 5Y3; Tn, Variac, type 20UB. connected for 0 to 135 volt secondary; 
Tre, high voltage transformer rated at 6009 volts, 2 milliamperes; 73, Stancor P6289; 
Tr,, Stancor C1420; C, and C2, 0.1 microfarad, 7000 volts; C3 and C ,8 microfarads, 
450 volts; Ri, 20,000 ohms, general radio type 301; R2, 120,000 ohms, 1 watt; R;, 
8 X 470,000 ohms, | watt; Ry, 5 megohms, 1 watt; 2s, 5000 ohms. 10 watts; M, 0 to 
1 milliampere. (In addition, the input to C; is through a 20,000 ohms, 1 watt, 
resistor.) 


As is to be expected with resistor-condenser quenching, the net counting 
rates on the plateaus of different samples do not increase linearly with the 
specific activities. A calibration curve is used to correct for these losses 
due to the dead time of the counter. The system is missing about 10 per 
cent of the counts when the measured counting rate is 20 counts per second, 
a loss rate of the correct order of magnitude for the time constant of the 
quenching circuit. 

We have observed a second source of lost counts at counting rates above 
10 to 15 counts per second. Apparently due to some sort of overdriving 
of the scaling and recording circuits, there results a distortion of the plateau, 
which, at lower rates, is usually several hundred volts in width. The 
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counting rate rises rapidly to a peak at a voltage a little above threshold 
(about 60 volts above) and then drops off with increasing voltage. The 
greater the true counting rate, the more rapidly the rate falls off with in- 
creasing voltage above the peak. In a typical case, at about 26 counts per 
second the counting rate drops over 10 per cent in the 120 volts just above 
the voltage corresponding to the peak. 

Use of the low voltage peak counting rate obviates losses due to the over- 
driving. The negative slope of the plateau can be eliminated by decreasing 
the input resistance to the preamplifier as the overvoltage is increased, 
but this is not as convenient as to locate the peak. In our procedure, an 
operator counts at 120 volts above the threshold for 5 minutes. He then 
counts at 240 volts above the threshold for as much longer as is necessary 
to give the required precision, a time which he determines with the help 
of a family of curves giving the total number of counts required for several 
specified degrees of precision as functions of the ratio of total to background 
counts. If the counting rates at the two voltages agree within statistical 
expectations, he accepts the indicated rate. If they disagree, he counts 
further. From the additional counting, he may learn that the plateau is 
as flat as normal, in which case he accepts the corresponding counting rate, 
or that the plateau has a negative slope, in which case he locates the peak 
and uses its counting rate for calculations. 

The detailed procedure for generation of CO, (Fig. 3) is as follows: The 
sample of barium carbonate having been introduced into generator O and 
trap N having been cooled to —80°, the generating system is evacuated 
roughly. ‘Trap M is cooled to —195° and the evacuation is continued until 
the water in the generator begins to boil. Perchloric acid, which is used 
because its barium salt is soluble, is then introduced slowly from reservoir 
P. When the liberation is complete, the system is again evacuated until 
the water boils. Three 1 ml. doses of air are admitted through R, and the 
evacuation is repeated, followed by a second dosing with air and another 
evacuation. The stop-cock between traps M and N is closed and the 
condensed carbon dioxide is exposed to the high vacuum for 3 minutes. 
The carbon dioxide is then allowed to evaporate into the system, measured 
volumetrically, and transferred to the counter for measurement of radio- 
activity. 

Usually the dose of carbon disulfide is condensed into trap B during the 
generation of carbon dioxide. The quantity of carbon dioxide is measured 
in the manifold, which has a volume of about 80 ml. When both carbon 
dioxide and carbon disulfide have been allowed to evaporate from trap B 
into the counter tube, the mixture is not uniform, the more volatile oxide 
having evaporated faster than the sulfide. It has been found that five 
mixings by expansion into reservoir F produce a satisfactory mixture for 
counting. 
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Because of the long time constant of the quenching circuit, it is neces. 
sary to dilute very strongly samples of higher activity, such as those from 
respiration and urine in the case of radioactive urethan. As much as 
100-fold dilution is sometimes required. In such a case, the use of g 
conveniently weighable quantity of radioactive sample necessitates using 
perhaps 1 liter of diluent carbon dioxide at atmospheric pressure. In order 
to insure the homogeneity of such a sample, the gas is tediously twice evapo- 
rated into one of the reservoir flasks and recondensed before a portion js 
removed for counting. 

The anticipated variation between experimental animals minimized the 
precision required of the apparatus, and exhaustive tests of the precision 
have not been made. The following indications have been obtained, 
(1) The volume of gas, presumably carbon dioxide, recovered from barium 
carbonate samples and from c.p. calcium carbonate is usually within 2 
per cent of that calculated on the assumption of complete purity. It should 
be noted, however, that complete recovery is not particularly important 
in this procedure, since specific activity is the property determined. For 
diluted samples, it is necessary only that recovery be the same for both 
active sample and inactive diluent. It has been our practice to generate 
the carbon dioxide from sample and diluent simultaneously, and to cal- 
culate the dilution factor from their weights. (2) In aseries of 50 measure- 
ments of specific activity by three operators, using different quantities of 
two samples of barium carbonate, the results were self-consistent within 
a probable error of 1.9 per cent. (3) In quadruplicate determinations on 
each of three samples involving extreme dilution, the probable error was 
1.2 per cent. 

In the determinations quoted above, the probable error associated with 
the number of counts involved was rarely much less than 1 per cent. 


DISCUSSION 


Although one must be prepared to expect vast differences in rates of 
excretion, routes of excretion, and accumulation of active molecules or 
ions in particular tissues, depending on the compound in question and its 
metabolic processes, we have found that starting with activities of 2.5 miero- 
curies per mouse contained in active urethan we have been able to deter- 
mine with a fair degree of accuracy the amount of Cin any 59 mg. of tissue 
24 hours after injection. This has been possible with a compound which 
breaks down fairly rapidly (at least 85 to 95 per cent in 24 hours) and when 
the C" is fairly evenly distributed throughout the normal animal. 

Using the techniques described, we have been able to obtain reproducible 
tracer data on radioactive urethan with the active carbon in the carbony 
group. Results of the urethan experiments are being published elsewhere 
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No attempts will be made at this time to compare the accuracy or rapidity 
of the assay for C4 in the gaseous state as opposed to measurement in the 
form of BaCQs, nor to discuss the relative advantages of the Geiger counter 
yersus the electroscope. 

Our principal reasons for adoption of the present procedure were (1) a 
desire to keep animal radiation exposure to a minimum, in which case 
the added sensitivity of the gaseous measurement is an advantage, and (2) 
the fact that without previous experience in the field and without pro- 
nounced preferer.ces as to method we were influenced by immediate avail- 
ability of necessary equipment. During the past 6 months of nearly 
continuous use of the described techniques, we have found them satis- 
factory. It has been possible to account for all of the radioactive car- 
bon injected with an over-all accuracy of about +10 per cent. 


SUMMARY 

1. An apparatus designed to absorb mouse respiratory carbon dioxide 
suspected of containing radioactive C™ is described. 

2. A procedure is outlined for oxidizing tissues prior to radioactive 
carbon assay. 

3. A method is given for determination of radioactive carbon in the 
gaseous state. 
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SYNTHESIS AND X-RAY INVESTIGATION OF METHYL- 
SUBSTITUTED LONG CHAIN HYDROCARBONS 
RELATED TO PHTHIOCERANE 


By STINA STALLBERG-STENHAGEN anp EINAR STENHAGEN 
(From the Institute of Medical Chemistry, University of Upsala, Upsala, Sweden) 


(Received for publication, December 1, 1947) 


Phthiocerol, the characteristic wax alcohol of the human and bovine 
types of tubercle bacillus (1-4), contains one methoxy and two hydroxy 
groups and has the empirical formula C3sH2O3 or C3sH4O3. The alcohol is 
optically active, [a], in chloroform —4.8°, and melts at 73-74° (1, 5). 
From a monolayer study (6) the present authors concluded that phthio- 
cerol was a very long molecule with one or more of the polar groups near 
one end. If-side chains other than the methoxyl group are present, the 
results suggested that these are short, probably methyl groups. This 
view has furthermore been strengthened by the fact that the long x-ray 
crystal spacing of phthiocerol is 46.2 A... By reduction of the iodo com- 
pound obtained in the methoxyl determination Stodola and Anderson 
(1) prepared the parent hydrocarbon, for which Ginger and Anderson 
(5) have proposed the name phthiocerane. The substance obtained by 
Stodola and Anderson melted at 58.5-59.5° and was optically inactive. 
An x-ray investigation by one of the present authors (7) showed, however, 
that this preparation was impure. The long spacing calculated from the 
single order observed was 44 + 1.5 A and the side spacings were, within 
the experimental error, the same as those of the normal form of normal 
chain hydrocarbons. This led to the suggestion that a straight hydro- 
carbon chain might be involved. Ginger and Anderson (5) subsequently 
purified the hydrocarbon. The phthiocerane thus obtained melted at 
59-60°. The low melting point of the pure hydrocarbon and its high solu- 
bility in ether showed that it could not be a straight chain hydrocarbon. 

As described in the experimental part, we have carried out an x-ray 
study on a sample of phthiocerane kindly given by Professor Anderson. 
Crystallized from acetone, the purified hydrocarbon gave a much better 
diffraction pattern than the earlier specimen, showing three clear orders 
of a long spacing of 46.3 A and strong side spacings of 4.11 and 3.70 A. 
As the long spacing of the normal chain C35 hydrocarbon (n-pentatriacon- 
tane) is 46.64 A (vertical or A form (8)), it appeared unlikely that phthio- 
cerane with the empirical formula C3,H7 or C3sHz could have more than 


1 Stenhagen, E., unpublished work. 
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one methyl] side chain. The scanty information on branched chain hydro- 
carbons of high molecular weight available in the literature (cf. Egloff 
(9)) suggested that the position of the methyl side chain in a C3 or Cs 
hydrocarbon melting at 59-60° should be fairly close to one end of the chain, 
By synthesizing a number of hydrocarbons with 34, 35, and 36 carbon 
atoms, carrying a methyl side chain in position 2, 3, ete., it thus appeared 
possible to settle the question of the constitution of phthiocerane. 

In the synthesis of long chain hydrocarbons of this type it is, of course, 
essential to employ methods which give the desired products free from by- 
products of similar molecular weight, as such by-products are either ex- 
tremely difficult or impossible to remove. It is furthermore very necessary 
that the shorter chain intermediates are free from isomeric or homologous 
impurities. In the present case the methyl side chain has first been intro- 
duced in the appropriate position, z.c. position 2 to 5 from the hydrocarbon 
end of the chain, in a carboxylic acid having 17 to 19 carbon atoms. The 
intermediate acids, the syntheses of which have been described in previous 
communications, were the following. For the 2-methyl-substituted hydro- 
‘arbons 16-methylheptadecanoic acid (10) and 15-methylhexadecanoic 
acid? were used. The 3-methyl-substituted compounds were synthesized 
starting from 15-methylheptadecanoic acid (11), while in the case of 
4-methyl-substituted hydrocarbons 14-methylheptadecanoie acid (12) was 
employed. For the 5-methyl compounds, finally, the intermediate acid 
was 14-methyloctadecanoiec acid (12). The methyl] esters (I1) of the acids 
(1) were converted into the corresponding alcohols (III) by high pressure 
hydrogenation over copper-chromium oxide catalyst and the alcohols 
transformed into the iodides by means of iodine and phosphorus in the usual 
manner. The iodides (IV) were used for the introduction of the corre- 
sponding alkyl radical into the appropriate normal chain §-keto esters 
(V) (18, 14). Hydrolysis and ketonic cleavage of the monoalkylation 
product (VI) gave long chain ketones (VII) carrying a methyl side chain 
in position 2 to 5 and the keto oxygen in position 18 to 20. The ketones 
were reduced to the corresponding hydrocarbons (VIII) by Clemmensen’s 
method. The general scheme of the syntheses is given in the accompany- 
ing flow sheet. 

The alkylations of the 6-keto esters (V) were carried out by means of a 
non-hydroxylic solvent (methyl-n-propyl ketone) and potassium carbonate 
for the formation of the potassium derivative (ef. (13, 10)). Hydrolysis 
and ketonic cleavage were effected with dilute alkali at a temperature of 
50° (12). The yield of the ketones (VII) was from 51 to 77 per cent of the 
theoretical, calculated on (IV) and (V), which were used in equimolecular 
amounts. Owing to the limited amount of initial material available in 


2 Tagtstroém-Eketorp, B., unpublished work. 
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certain cases, some ketones were prepared in very small scale (0.001 mole) 
runs, With satisfactory results. 
EXPERIMENTAL 


Synthesis of Hydrocarbons. 15-Methylheptadecanol-1 (III, m = 1,n = 13) 
—Methyl 15-methylheptadecanoate (11) (25 gm., 0.084 mole), copper- 











CH.(CH.)eCH(CH,),coon —CHN: _, — ou,(CH;),CH(CH,),COOCH; 
| (C.H;)20 
CH, CH, 
(I) (ID 
_amaact.—- onvonsoncn.cnon —? 
CH; 
(III) 
K,CO; 
CH,(CH.)nCH(CH,),CHsI + CH,(CH:),COCH:COOCH: Ga7Gir).cooH, 
CH, 
(1V) (V) 
ie aoe 
CH, COOCH, 
(VI) 
CH, (CH) CH(CH2),CH2CH,CO(CH2),CH; io 


| 
CH; 


(VII) 
CH, (CH2)m CH(CHa)n4pssCHs 


CH; 
(VIII) 
m = 0, 1, 2, or 3; n = 12, 18, or 14; p = 12, 18, 14, or 15 


chromium oxide catalyst (2 gm.; cf. Adkins (15)), and dioxane (13 ml.) were 
placed in a high pressure bomb of 250 ml. volume (the apparatus used 
was similar to that described by Adkins (16)) and the hydrogenation per- 
formed at 250°, with an initial pressure (at room temperature) of 139 
kilos persq.cm. After 5 hours at 250° no further drop in pressure occurred. 
The bomb was allowed to cool to room temperature. The reaction mix- 


f 





386 METHYL-SUBSTITUTED HYDROCARBONS 


ture was centrifuged, and the liquid decanted from the catalyst. The 
latter was washed with ether in the centrifuge and this ether added to the 
main portion. The solvents were distilled off and the residue (25.45 gm.) 
distilled through a 50 em. Podbielniak column. After a small forerun 
(0.3 gm.) distilling up to 152°, 0.8 mm., 20.85 gm. of 15-methylheptadec- 
anol-1, b.p. 149.0-148.1°, 0.6 mm., were obtained. Yield 92 per cent 
of the theoretical. The distilled material melted at 26.5°. The alcohol is 
very soluble in the common organic solvents. 


Analysis—C,sH3sO0 (270.5). Calculated. C 79.94, H 14.16 
Found. *S S0.60, “Uae 


1-I[odo-15-methylheptadecane (IV, m = 1, n = 13)—15-Methylhepta- 
decanol-1 (16 gm., 0.0592 mole), red phosphorus (0.6 gm., 0.019 atom), 
and iodine (8.0 gm., 0.063 atom) were placed in a 100 ml. round bottomed 
flask fitted with reflux condenser and calcium chloride tube and the mixture 
heated in an oil bath to a temperature of 145-150° for 3 hours, with oe- 
casional shaking. After cooling to room temperature 50 ml. of ether were 
added and the mixture agitated. The ether layer was decanted and the 
bottom layer extracted twice with small portions of ether. The combined 
ether solutions were freed from phosphorus by filtration and then washed 
with water and dried with sodium sulfate. During the evaporation of the 
ether about one-third of the solution was lost by accident. The residue 
(13.5 gm.) was distilled, giving 0.3 gm. of a forerun distilling up to 175°, 
1.0 mm., and 12.6 gm. of colorless 1-iodo-15-methylheptadecane, b.p. 
175-178°, 1.0 to 1.1mm. Yield (not corrected for loss) 56 per cent of the 
theoretical. 


Analysis—CisH37I (880.4). Calculated, I 33.34; tound, I 32.88 


14-Methylheptadecanol-1 (III, m = 2, n = 12)—Methyl 14-methyl- 
heptadecanoate (12) (11.2 gm., 0.0378 mole) was reduced in the manner 
just described for the 15-methyl-substituted isomer. Distillation through 
a 50 em. Podbielniak column gave, after a forerun (0.4 gm.) distilling up 
to 158°, 1.2 mm., 8.5 gm. of 14-methylheptadecanol-1, b.p. 158.0—158.2°, 
1.2 mm., in the form of a colorless liquid. Yield 83 per cent of the theoreti- 
cal. 


Analysis—C,sH3sO (270.5). Calculated. C 79.94, H 14.16 
Found. *¢ 70:96, ** 14.16 


1-Iodo-14-methylheptadecane (IV, m = 2,n = 12)—14-Methylheptade- 
canol-1 (6.85 gm., 0.0263 mole) was converted into the iodo derivative in 
the manner described for the 15-methyl-substituted isomer, by the use 
of 0.27 gm. of red phosphorus and 3.55 gm. of iodine. Distillation under 
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reduced pressure gave, after a forerun distilling up to 146°, 3 mm., 8.65 gm. 
of a slightly yellow-colored 1-iodo-14-methylheptadecane, b.p. 146-149°, 
0.3mm. Yield 89 per cent of the theoretical. 


Analysis—CisHs7I (380.4). Calculated, I 33.34; found, I 33.30 


14-Methyloctadecanol-1 (UII, m = 3, n = 12)—Methyl 14-methyl- 
octadecanoate (12) (6.7 gm., 0.0216 mole) was reduced in the manner 
described above. ‘The residue obtained after working up the reaction mix- 
ture gave on distillation a forerun (0.2 gm.) distilling up to 156°, 0.7 mm., 
followed by 4.2 gm. of 14-methyloctadecanol-1, b.p. 156.0-156.3°, 0.7 mm. 
Yield 68 per cent of the theoretical. 


Analysis—C, 9H 400 (284.5). Calculated. C 80.24, H 14.18 
Found. <*'80:29,. “© 14.22 


1-Iodo-14-methyloctadecane (IV, m = 3,n = 12)—3.75 gm. of 14-methyl- 
octadecanol-1 were converted into the iodo derivative, by the use of 0.15 gm. 
of red phosphorus and 1.84 gm. of iodine. The reaction mixture was worked 
up and the residue distilled. After 0.25 gm. of forerun, b.p. up to 148°, 
0.2mm., 4.3 gm. (82 per cent of the theoretical) of 1-iodo-14-methyloctadec- 
ane, b.p. 148-151°, were obtained as a nearly colorless liquid. 


Analysis—CigH39I (394.4). Calculated, I 32.15; found, I 31.99 


Synthesis of Ketones—The procedure used was in all cases the same, with 
unimportant variations only, and we therefore limit the description of the 
syntheses to one typical example. The figures for the yields of the various 
ketones are included in Table IV, and the analyses are given in Table I. 

4-Methyltritriacontanone-19 (VII, m = 2,n = 12, p = 13)—1-lodo-14- 
methylheptadecane (1.0 gm., 0.00263 mole), methyl 3-ketoheptadecanoate 
(14) (0.8 gm.), methyl-n-propyl ketone (5 ml., the commercial product 
(Shell) was dried by means of potassium carbonate and distilled im- 
mediately before use), and potassium carbonate (1.5 gm.; analytical grade, 
dried by ignition in an open porcelain dish over a Bunsen burner) were 
placed in a 25 ml. round bottomed flask provided with a reflux condenser 
and calcium chloride tube (before assembling, all glass parts were thoroughly 
dried at 110°) and the mixture boiled under a reflux on a sand bath for 
18 hours. Considerable bumping sometimes takes place and the glass 
parts of the apparatus should therefore be tied together in some way. 
After cooling, the mixture was poured into excess 5 per cent sulfuric acid, 
ether added, and the organic layer washed twice with water. The organic 
layer was dried by means of sodium sulfate and the solvents removed under 
reduced pressure. The slightly yellow alkylation product was hydrolyzed 
and subjected to ketonic cleavage by adding a solution of potassium hydrox- 
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ide (4 gm.) in water (4 ml.) and methanol (60 ml.) and keeping the mixture 
at a temperature of 50° for 20 hours, with occasional shaking. The mix- 
ture was then poured into excess 5 per cent sulfuric acid and the resulting 
mixture extracted with ether. The ether solution was washed with water 
and dried (sodium sulfate). The ether was removed and the residue, 
yellow solid, crystallized from acetone. The yield of practically white. 
microcrystalline material was 1.30 gm. or 67 per cent of the theoretical. 
One recrystallization from acetone of the material thus obtained raised 
the melting point by 0.7°, but further recrystallization caused no change. 
The data for the ketones given in Table IV are for material crystallized 
two or three times from acetone. The ketones are sparingly soluble in 


TABLE [| 


Analysis of Ketone: s 


Per cent composition 


Compound Formul: 


Found | Calculated 
ae (i Cc H 
| } | 
seeeaeiainanane: | eer CysH5sO 82.74 | 13.86 | 82.85 | 13.91 
$ Sisticyltritrincontancne-10 aa | §2.84 13.98 | 
4-Methyltritriacontanone-19.........; | $2.92 | 13.88 | 
5-Methyltritriacontanone-20. . al | 82.99 | 13.91 | 
2-Methyltetratriacontanone-19...... CssH10 | 82.65 | 13.82 | 82.92 | 13.92 
3-Methyltetratriacontanone-19...... .| 82.94 | 13.83 | | 
4-Methyltetratriacontanone-19...... | 83.11 | 13.91 | 
5-Methyltetratriacontanone-20.......| 82.93 | 13.93 
2-Methylpentatriacontanone-18..... Cy.H72O 82.88 | 13.86 | 83.00 | 13.93 
3-Methylpentatriacontanone-19..... .| 82.94 | 13.83 | 
4-Methylpentatriacontanone-19 an 83.15 | 13.91 


5-Methy a iaecaniia iacontanone-20. ..... 83.15 | 18.85 





cold, but dissolve in boiling acetone and ethanol. They are fairly soluble 
at room temperature in benzene and chloroform. 

Reduction of Ketones—The ketones were reduced to the corresponding 
hydrocarbons by Clemmensen’s method in the manner described below. 

The ketone (1 gm.), amalgamated granulated zine (60 gm.), concentrated 
hydrochloric acid (50 ml.), and glacial acetic acid (10 ml.) were boiled under 
a reflux. Three times daily the mixture was cooled, the liquid decanted, 
and fresh zine (10 gm.), hydrochloric acid (50 ml.), and glacial acetic acid 
(10 ml.) added. The total boiling time was 80 to 90 hours. 

Purification of Hydrocarbons—The crude hydrocarbons from the re- 
duction may contain unsaturated material formed during the reduction 
and some unchanged ketone. Most of the latter may be removed by crys- 
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tallization from acetone, in which the hydrocarbons are cotisiderably less 
soluble than the ketones. Further purification was carried out by treating 
the hydrocarbons with concentrated sulfuric acid at a temperature of 125— 
130° for 1 to 2 hours, as described by Piper et al. (8). During the first 
treatment in this way considerable darkening occurred and the melting 
point of the recovered hydrocarbon was, after crystallization from acetone, 
(.5-1.0° higher than before the treatment. The process had to be repeated 
two to three times before the sulfuric acid in contact with the sample 
showed no darkening, but these later treatments in most cases did not cause 
any further change in the melting point of the hydrocarbon. 

Finally, some of the hydrocarbons (see Table VI) were subjected to molec- 
ular distillation in a still of the type made by Schott and Genossen (17). In 
order to distil small quantities of hydrocarbons in this apparatus, a special 
inset of aluminum carrying a small flat platinum cup to hold the distilland 
had to be used together with the vessel intended for sublimation experi- 
ments. It was thought that molecular distillation might remove any bi- 
molecular reduction products. In no ease did molecular distillation fol- 
lowed by recrystallization change the melting point or other properties of 
a hydrocarbon to a perceptible extent, however. The analyses of the 
hydrocarbons are given in Table IT. 

The hydrocarbons are less soluble in boiling acetone than the correspond- 
ing ketones, but are fairly soluble in ethyl ether at room temperature. 
When crystallized from solvents such as acetone or ethyl acetate, the 2- 
methyl compounds form small plates which on the filter are packed to- 
gether to flakes with a definite luster. The 3-, 4-, or 5-methyl-substituted 
hydrocarbons crystallize in the form of very small crystals. On the filter 
the soft crystal mass is packed together to a white mass which in the case 
of the 3-methyl compounds shows a definite luster, but in the 4- and 5- 
methyl hydrocarbons shows a weak luster only and no macroscopic crystal- 
linity. 


X-ray and Thermal Investigations 

T'echnique—The x-ray investigation was carried out with nickel-filtered 
Cu Aq radiation’. For work at room temperature (20~22°) a simple goni- 
ometer with flat photographic films was employed. Powder methods had 
to be used, as it does not appear possible to obtain well formed crystals 
of sufficient size for single crystal work from the material under examina- 
tion. The ketones or hydrocarbons were spread out in a thin layer on small 
glass plates (6 X 20 mm., cut from microscope object glasses). The 
layers were prepared by pressing out the crystalline material, by melting 
the substance onto the glass plate by means of the hot wire technique 


3) = 1.5418 A; cf. notice (J. Am. Chem. Soc., 69, 2919 (1947)). 
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(18), or by depositing wet crystals on the plate. In the last case the com- 
pound was dissolved in hot acetone and the solution allowed to cool slowly 
to room temperature. The crystalline material that separated out was 
suspended in the mother liquid and the resulting pulp dropped onto the 
glass plate. On evaporation of the solvent thin even layers resulted. The 
diffraction patterns obtained from these layers showed very sharp and 
distinct orders of the long spacing but the side spacings were usually very 
weak or absent. In order to bring out the latter, specimens prepared by 
one of the other methods had to be used. In some cases the side spacings 
were obtained from diffraction patterns given by specimens in very thin 
walled glass capillary tubes (Keesom capillaries (19)). The glass plates 


TABLE II 
Analysis of Hydrocarbons 


| 





Per cent composition 
| 


|—_——— 


| 
Compound | Formula Found Calculated 
2 








oe ae ae 
2-Methyltritriacontane... .-| CssH70 | 85.15 | 14.70 | 85.27 | 14.73 
3-Methyltritriacontane. .. 85.44 | 14.56 | 
4-Methyltritriacontane. 85.41 | 14.66 | 


5-Methyltritriacontane....... 85.29 | 14.63 | 
2-Methyltetratriacontane... C3;H72 85.36 | 14.75 | 85.28 | 14.72 
3-Methyltetratriacontane... 85.21 | 14.73 
4-Methyltetratriacontane. . 85.18 | 14.70 
5-Methyltetratriacontane 85.31 | 14.74 | 
2-Methylpentatriacontane.. | = CasH 74 85.31 | 14.67 | 85.29 | 14.71 
3-Methylpentatriacontane 85.00 14.65 
4-Methylpentatriacontane... 85.03 | 14.65 | 

| 85.07 | 14.66 


5-Methylpentatriacontane. . 5.07 | 


were mounted with the surface carrying the specimen along the axis of the 
spectrograph and rocked over an angle of 7° during exposure. The distance 
from specimen to photographic film was 10 or 15 em. Ilford x-ray (‘red 
seal’) film and Agfa ‘‘Laue”’ film were used; the spacings given in Tables 
III, V, and VII have been corrected for film shrinkage. 

Diffraction patterns at temperatures above room temperature were ob- 
tained with another goniometer, which carried a thermostat similar to 
that used by Miiller (20). The thermostat was made from a solid copper 
rod 5 em. in diameter. The openings for the passage of the x-ray beam 
were covered by thin cellophane. Transformer oil from a well stirred 
bath, that could be set to any desired temperature by means of heaters 


4 Obtained from Messrs. Hanff and Buest., Berlin, Germany. 
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regulated by a contact thermometer and relay, was pumped through the 
hollow outer mantle of the goniometer thermostat via flexible, oil-resistant 
tubing. Inthe upper surface of the copper thermostat there was a threaded 
hole about 2 cm. in diameter into which a threaded copper rod carrying 
the specimen plate could be screwed. The temperature of the specimen 
was read on an Anschiitz type thermometer placed in a deep hole in the 
central copper rod. The specimen could be held at the desired temperature 
within 0.1—0.2° for indefinite periods, provided that the room temperature 
was reasonably constant. The copper thermostat could be rocked through 
angles of 5°, 10°, or 20° during exposure. In order to follow changes in 
the diffraction patterns with temperature, provision was made for record- 
ing up to ten different diffraction patterns on the same film by using a 
shield with a slit with a height of 6 mm. in front of the film and displacing 
the latter a distance equal to the height of the slit on changing to another 
temperature. The film distance was 5 or 10 cm. and the minimum time of 
exposure needed was about 10 minutes, with a, Philips-Miiller tube running 
at 15 to 20 milliamperes. 

The melting and solidification of the hydrocarbons and ketones was 
studied with specimens in thin walled capillary tubes of about 1 mm. in- 
ternal diameter. The tubes were sealed off and attached to an Anschiitz 
type thermometer (graduated in 0.2° and having a range of 50—100°) in 
such a way that the specimen was in a position close to the mercury bulb, 
and the whole immersed in a well stirred Nujol bath contained in a glass 
beaker. The thermometer used was compared carefully with the labora- 
tory standard. If the heating and cooling of the bath were carried out 
very slowly, it was possible to reproduce melting and solidification points 
within 0.1° or better. The specimens were observed through a binocular 
microscope with stereoscopic vision, having a magnification of 15 xX. 


Results 


Ketones—The x-ray and thermal data are collected in Tables III and IV. 

The C3, and C3; 2-methyl-substituted ketones have two different crystal 
modifications which differ considerably in melting point. The x-ray study, 
which in the case of ketones has been limited to an examination of pressed 
and melted specimens at room temperature, shows that the higher melting 
modification has vertical molecules and the lower melting form tilted 
molecules. For the C3, compound only one crystalline form with tilted 
molecules has been observed. The behavior of the 3-, 4-, and 5-methyl- 
substituted ketones varies apparently in a somewhat irregular manner with 
the position of the side chain and the keto group, both vertical and tilted 
forms being observed. Two of the 4-methyl-substituted ketones appear 
to be able to exist in three different crystalline modifications. 


ee 
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TaBLeE III 
Crystal Spacings for Methyl-Substituted Ketones 





The x-ray spacings are in Angstrom units. 
Crystallized from acetone Melted 
Compound as exes : Hercnaene ee 
Long spacing | Side spacings | Long spacing | Side spacings 
2-Methyltritriacontanone-18.....! 45.3 V.* | 4.15, 3.75 | 45.3 V. 2 sets of 
| and 35.8 spacings 
2-Methyltetratriacontanone-19..| 47.2 4.10,.3.74 | 47.2%. £10, 3.74 
2-Methylpentatriacontanone-18..| 34.5 3.83, 3.50 | 34.5 3.83, 3.50 
3-Methyltritriacontanone-19..... 45.9V. | 4.11,3.74 | 45.9V. | 4.11, 3.74 
3-Methyltetratriacontanone-19..| 47.2 “ | 4.14, 3.76 | 47.2 “ | 4.14, 3.76 
3-Methylpentatriacontanone-19..| 48.8 “ | 4.12, 3.75 | 36.5 | 4.59, 3.76 
4-Methyltritriacontanone-19..... 45.5 “ | 4.11, 3.75 | 45.5 V | 4.14, 3.75 
4-Methyltetratriacontanone-19..| 41.9 | 4.15, 3.74 | 47.2 * | 2 sets of 
and 39 spacings 
4-Methylpentatriacontanone-19..| 39.5 4.14, 3.72 | 42.7 i 
| and 35.8 | 
5-Methyltritriacontanone-20.....| 45.7 V. | 4.09, 3.74 | 46.3 V. 412. 3.765 
5-Methyltetratriacontanone-20..| 47.3 “ 4.12, 3.75 | 48 V. | 4.13, 3.75 
5- 7) 4 3.75 18.9 V. | 4.12, 3.75 


Methylpentatriacontanone-20... 43.; 14, 


* V. indicates vertical form. 


TaBLe IV 
Yield and Thermal Data for Ketones 


| 


M.p. 
Compound Yield — | Solidification 

Crystallized | After previous | point 

from acetone | melting | 
per cent | ss | bi 8 c. 
2-Methyltritriacontanone-18.... 51 75.8-76.0 | 70.5 | 70.3 
2-Methyltetratriacontanone-19..... 62 | 78.8-79.2 | 72.8 | 72.5 
2-Methylpentatriacontanone-18..... 53 74.4-74.6 | 74.4-74.6 74.1 
3-Methyltritriacontanone-19.... 68 72.5 70.5 | 69.3 
3-Methyltetratriacontanone-19......|. 51_—|: 69.9-70.1 | 68.3 | 68.2 
3-Methylpentatriacontanone-19......| 59 =| - 69.3-69.5 | 68.9 | 68.8 
4-Methyltritriacontanone-19.... 67 65.2-65.4 | 63.9 | 63.8 
4-Methyltetratriacontanone-19 72 66.0 64.2 | 64.2 
4-Methylpentatriacontanone-19. . 73 =| 66.2-66.4 | 65.2 | 65.1 
5-Methyltritriacontanone-20.........| 77 | 63.6-63.7 | 62.7 | 62.6 
5-Methyltetratriacontanone-20.... | 67 | 63.3 | 63.3 63.2 


5-Methylpentatriacontanone-20..... . | 59 =| 64.0-64.2 | 64.0 63.9 
| 
The ketones gave in general good diffraction patterns showing at least 
seven to nine 001 reflections, with alternation in the intensities (even orders 
weak) owing to the presence of the keto group near the middle of the chain. 
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The appearance of crystalline modifications in which the chains are 
tilted is in marked contrast to the behavior of normal chain ketones which 
have only been found to erystallize with vertical chains (21). 

Hydrocarbons—The results of the x-ray investigation of the synthetic 
methyl-substituted hydrocarbons and of phthiocerane are summarized in 
Table V and the thermal data in Table VI. 


TABLE V 
X-ray Data for Methyl-Substituted Hydrocarbons 
The x-ray spacings are in Angstrom units. 























Low temperature form* | High temperature formt 
Compound 
ie. Side spacings Pes | Side spacings 
2-Methyltritriacontane — | 35.6 | 4.12, 3.70, 3.94) 38.7 |4.40, 4.08, 3.89 
2-Methyltetratriacontane | 33.8 | 4.12, 3.66 39.6 |4.41, 4.07, 3.88 
2-Methylpentatriacontane | 37.6 | 4.13, 3.71, 3.95] 41.1 |4.41, 4.08, 3.90 
| 40.3$/4.28, 4.08, 3.95, 3.76 
3-Methyltritriacontane | 46.0 | 4.12, 3.71 40.5 |4.39, 3.96, 4.09 
3-Methyltetratriacontane | 47.1 | 4.12, 3.70 40.0 |4.39, 3.95, 4.11 
3-Methylpentatriacontane | 48.6 | 4.12, 3.71 42.2 |4.37, 3.93, 4.11 
4-Methyltritriacontane | 46.3 | 4.11, 3.70 42.2 |4.36, 3.97§ 
4-Methyltetratriacontane | 47.7 | 4.12, 3.70 42.5 14.36, 3.98§ 
4-Methylpentatriacontane | 49.2 | 4.12, 3.70 44.0 |4.36, 4.00§ 
5-Methyltritriacontane | 47.0 | 4.12, 3.70 42.2 14.36, 4.00§ 
5-Methyltetratriacontane | 48.2 | 4.11, 3.69 42.8 |4.35, 4.00$ 
5-Methylpentatriacontane | 49.6 | 4.11, 3.70 44.0 |4.35, 4.01§ 
Phthiocerane 46.3 | 4.11, 3.70 | 42.4 |4.36, 4.03§ 
Equimolecular mixture of | 46.4 | 4.11, 3.70 | 41.6 |4.37, 4.08§ 
3-methyl- and 5-methyl- | | | 
tritriacontane 
Equimolecular mixture of | 47.3 | 4.11, 3.70 | 42.8 |4.35, 4.02§ 
4-methyltritri- and 4- | | 
methylpentatriacontane | 





* At room temperature (20-22°). 
+ Near the transition point. 


t Intermediate form at a temperature just below the transition to the high tem- 
perature form. 
§ Diffuse reflection. 


The 2-methyl-substituted compounds crystallize from acetone in tilted 
forms which give very good x-ray diffraction patterns showing up to ten 
orders of the long spacing. With increase in order there is a regular de- 
crease in the intensity of the reflections. The values for the long spacings 
of the low temperature form given in Table V, which are probably correct 
to 0.25 A, indicate that there is alternation between members having an 
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odd and an even number of carbon atoms. When the temperature is 
raised above room temperature, there is a slight increase in the side spac- 
ings, with practically no change in the long spacing until a transition to a 
high temperature form with a smaller tilt takes place. For 2-methyltri- 
triacontane and 2-methylpentatriacontane this transition occurs at about 
11° below the melting point, while in the case of 2-methyltetratriacontane 














TABLE VI 
Thermal Data for Methyl-Substituted Hydrocarbons 
Compound Timaidinn polit’ Mp. a 

"C. "Ge | "C. 
2-Methyltritriacontane 55.4 66.1-66.3 | 65.9 
2-Methyltetratriacontane 50 -55t 68 .1-68.3 68.0 
2-Methylpentatriacontane 58 .0-60.6 69.9-70.1 69.7 
3-Methyltritriacontane 48.9 61.8-61.9 | 61.7 
3-Methyltetratriacontanet 51.9-52.8 64.1-64.2 | 64.0 
3-Methylpentatriacontane | 55.5-56.6 | 66.0-66.1 65.9 
4-Methyltritriacontanet 45.6-46.4 | 58.6-58.7 | 58.5 
4-Methyltetratriacontanet 49.4-50.6 | 60.7-60.9 | 60.6 
4-Methylpentatriacontanet 53.2-53.9 | 63.063.1 | 62.9 
5-Methyltritriacontane 41.5-42.8 | 55.5-55.7 | 55.5 
5-Methyltetratriacontane | 45.4 | 58.0-58.1 | 57.9 
5-Methylpentatriacontane | 48.2-49.1 60.3-60.4 | 60.2 
Phthiocerane | 45.6-46.8 | 59.1-59.3 59.0 
Equimolecular mixture of 3- and 5- | 44.2-45.3 59 .1-59.3 | 59.0 

methyltritriacontane | 

Equimolecular mixture of 4-methyltritria- | 48.8-49.6 | 60.8-60.9 | 60.7 


contane and 4-methylpentatriacontane 





* Determined from x-ray diffraction patterns taken at temperature intervals of 
about 1°. The temperatures between which the transition has been found to occur 
are given. One figure only means that both crystal forms have been observed at the 
temperature in question. 

+t Both forms were found to coexist over this temperature range. 

{ Distilled in the molecular still. 


the high temperature form begins to appear at about 18° below the melting 
point. 

As is to be expected, the high temperature form gives somewhat weaker 
diffraction patterns than do the low temperature forms. About seven 
clear orders of the long spacing are observed, the intensity of the reflections 
decreasing in a regular manner. The side spacings are, within the experi- 
mental error, the same for the three hydrocarbons studied and this, to- 
gether with the regular increase of the long spacing and the melting point, 
indicates that odd and even members in this case have the same crystal 
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form. On cooling 2-methylpentatriacontane a transition takes place on 
passing through the point where the transition to the high temperature 
form takes place on heating, but now a third crystalline modification ap- 
pears. The tilt of the molecules is intermediate between those of the high 
and low temperature forms. On further cooling the intermediate form 
changes into the low temperature form, which at room temperature shows 
spacings identical with those given by material originally obtained by crys- 
tallization from acetone. 

The 3-, 4-, and 5-methyl-substituted hydrocarbons differ markedly in 
crystal behavior from the 2-substituted isomers. The low temperature 
form obtained by crystallization from acetone has vertical molecules. 
It is known from the work of Miiller (22) (cf. also Hengstenberg (23), 
Kohlhaas and Soremba (24), and Bunn (25)) that the so called A form of 
n-hydrocarbons is orthorhombic. The chains are running parallel to the 
caxis, and the lengths of the a and b axes are 7.40 to 7.45 and 4.93 to 4.97 A 
respectively. While other crystal forms are known for the n-hydrocarbons 
(monoclinic and triclinic (22)), the normal chain ketones crystallize only 
in the orthorhombic form, the introduction of the keto group causing only 
a slight altering in the length of the short axes. A comparison of the side 
spacings given by the vertical form of the methyl-substituted hydrocarbons 
and ketones shows that the crystal structure must be identical with that 
of the normal chain compounds, as there is a close agreement between 
the hkO reflections both as regards relative intensities-and the numerical 
values of the spacings. The data given in Table VII show that the methyl 
group causes a very small increase in the length of the short axes. The 
main effect of the methyl side chain is an elongation of the c axis and some 
disorder in the direction of this axis, indicated by the rapid falling off in 
intensity and disappearance of the OOI reflections of higher order. The 
3-methyl compounds show four and the 4- and 5-methyl-substituted com- 
pounds three orders of the long spacing. The few orders observed at small 
reflection angles do not allow the long spacings to be determined with a 
high degree of accuracy. The data given in Table V are probably correct 
to 0.7 A. The spacings are longer than the long spacings of the normal 
chain isomers and there is also a slight increase in the long spacing between 
the 3- and the 5-methyl compounds. As the side spacings are the same, 
this means a decrease in density which is paralleled by a slight increase 
in the softness of the material. 

Increase in temperature causes an increase in the side spacings and a de- 
crease in the long spacings, which become more pronounced when the transi- 
tion to the high temperature form is approached. The temperature at 
which the transition occurs appears quite reproducible on slow heating, 
but on cooling there is a certain tendency for the high temperature form 
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to be metastable at lower temperatures. This tendency is strongest for 
the 3-methy! and least pronounced for the 5-methyl compounds. For 
instance, it will be found that in specimens prepared by the hot wire tech- 
nique, in which the specimen is cooled rapidly, the long spacing at room 
temperature is in the case of 3-methyl compounds that of the high tempera- 
ture form. ‘he 4-methyl compounds, including also the equimolecular 
mixture of 4-methyltritri- and 4-methylpentatriacontane, show the pres- 
ence of both forms (two sets of lines in the diffraction patterns), while 
the 5-methyl compounds show the low temperature form only. The 


TaBLeE VII 
Effect of Methyl Side Chain on Short Crystal Spacings of Orthorhombic Form 


Calculated 
ge ne Re fee eee a eee length of axes Cross- 
, pacings calculated from /:k0 reflections of orthorhombic i 
Compound unit cell of cau 
- —_— el 
110 200 210 020 310 220 a b 
4 A 4 | A A A A A q. A 
4-Methyltritria 4.115} 3.70 | 2.97 | 2.47 | 2.21 | 2.06 | 7.40 | 4.95 | 36.65 
contane | 
n-Hentriacontane* 1.10 | 3.70 | 2.96 | 2.465) 2.20 | 2.05 | 7.40 | 4.93 | 36.45 
4-Methyltritriacon 4.115) 3.75 | 3.00 | 2.465) 2.225) 2.06 | 7.50 | 4.93 | 36.9 
tanone-19 | 
© 9 —s. | « » é & sy) « | ¢ \ER ad > 27 ef 
Hentriacontanone- | 4.11 | 3.73 | 2.96 | 2.45 | 2.21 | 2.055) 7.46 | 4.90 | 36.6 
12t¢ | | 
i { 
* Prepared by reduction of hentriacontanone-12. After purification by means 


of sulfuric acid in the usual manner, the hydrocarbon had within 0.1-0.2° the same 
melting point and transition points as those reported by Piper et al. (8). The long 
x-ray spacing was 41.45 A compared with a value of 41.55 A reported by the authors 
just cited. 

+ This ketone was synthesized in a yield of 73 per cent of the theoretical from 
methyl 3-ketotetradecanoate and n-octadecyl iodide. Hentriacontanone-12 melted 
at 77.6-77.8° and gave on analysis C 82.97, H 13.74; calculated for Cs,H.20, C 82.59, 
H 13.86. 


mixture of 3- and 5-methyltritriacontane behaves as the 4-methyl com- 
pounds do. The long spacings of the high temperature form of the Cy; 
compounds are closer to those of the Cy than to those of the Cy¢ hydro- 
carbons. The differences are within the experimental error, but may be 
due to alternation. 

The introduction of a methyl side chain thus completely alters the high 
temperature behavior of a long chain hydrocarbon. It is well known from 
the work of Miiller (20) that n-hydrocarbons show a transition point several 
degrees below the melting point at which the orthorhombic structure 
changes abruptly or gradually into a hexagonal packing of vertical chains 
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which perform strong oscillation or free rotation. The methyl side chain 
evidently prevents the rotation of the chains, the stable high temperature 
crystal structure instead being one with non-rotating tilted chains. 

In contrast to the 2-methyl-substituted hydrocarbons the isomers with 
methyl groups in positions 3, 4, and 5 show distinct annealing effects. 
When, for example, a specimen of 3-methylpentatriacontane crystallized 
from acetone is heated from room temperature, the long spacing decreases 
from 48.6 to 47.1 A just below the transition point, the spacings of the 
(110) and (200) planes increasing at the same time by about 0.02 A. On 
cooling to room temperature the long spacing increases to 47.7 A and 
the side spacings return to their former values. If the specimen is 
heated again, but this time to a temperature just above the transition 
point, and allowed to cool, the long spacing at room temperature is 44.5 A, 
but there is only a just perceptible increase in the side spacings compared 
with the specimen crystallized from acetone. ‘The annealing thus causes a 
marked increase in density of the hydrocarbon. Similar results are given 
by the 4- and 5-methyl-substituted hydrocarbons, although the changes are 
somewhat less marked. Annealing effects also occur in the case of normal 
chain hydrocarbons (26) but do not seem to be of the order of magnitude 
encountered with the methyl-substituted compounds. 

Thermal Behavior of Synthetic Hydrocarbons—When heated in melting 
point tubes, the hydrocarbons, which appear white and opaque at room 
temperature, gradually become somewhat translucent. The transition 
to the high temperature form appears visually as a slight clearing up in 
the crystal mass. It is best observed on heating and with specimens that 
have been melted previously, but the phenomena are much less marked 
than the transitions of normal chain hydrocarbons and it is very difficult 
to determine the exact transition temperature from visual observations. 
Fusion takes place over a temperature range of 0.1-0.2°. 

When the 2-methyl-substituted hydrocarbons solidify, long transparent 
needles appear throughout the whole mass, complete solidification taking 
place over a temperature range of about 0.1°. On further cooling the 
material contracts, giving an inverted cone air gap in the center of the tube, 
and the material becomes translucent rather than transparent. The tran- 
sition to the low temperature form on further cooling is very difficult to 
observe visually. 

The 3-, 4-, and 5-methyl-substituted hydrocarbons solidify in a manner 
different from that of the 2-methyl compounds. On slow cooling of the 
melt there suddenly appear clusters of small crystals at several points within 
the melt and these clusters grow rapidly until the whole tube is filled with 
a white crystalline mass. The temperature range of setting is about 0.1°, 
and no inverted cone structure is seen on further cooling. The transition 
to the low temperature form is very difficult to observe. 
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Supercooling has not been observed for any of the hydrocarbons, the 
same solidification point being observed with and without a nucleus. 

Comparison between Phthiocerane and Synthetic Hydrocarbons—As already 
mentioned in the introduction, the purified phthiocerane, crystallized from 
acetone, gives at rocm temperature a diffraction pattern showing three 
orders of a long spacing of 46.3 A and two strong side spacings of 4.11 
and 3.70 A respectively. At a temperature of 46° a transition to a tilted 
high temperature form takes place. The high temperature form has a 
long spacing of 42.4 A and side spacings of 4.36 and 4.03 A. The behavior 
of phthiocerane is thus very similar to the hydrocarbons with a methyl 
side chain in position 3-, 4-, or 5. Phthiocerane is a Cx (or possibly C,;) 
hydrocarbon, and the melting point data given in Table VI therefore in- 
dicate that the structure is that of a 4-methyl-substituted hydrocarbon, 
Specimens prepared by the hot wire technique also behave as do 4-methyl 
compounds in showing the long spacings of both crystalline forms. The 
x-ray data are almost identical with those of 4-methyltritriacontane, and 
the transition point is the same within the experimental error (0.5-1°), 
There is a small difference in the melting point, phthiocerane melting 0.5° 
higher than the synthetic hydrocarbon, but the general behavior on melting 
and solidification is exactly the same. It is very unlikely that the observed 
difference in melting point is due to impurity in the synthetic hydrocarbon. 
The x-ray diffraction patterns indicate, as a matter of fact, that the latter 
is somewhat better crystalline than phthiocerane. The intensity of the 
001 reflections falls off more rapidly in case of phthiocerane and specimens 
of this hydrocarbon prepared by the crystal pulp method show strong side 
spacings (hk0 reflections), indicating a less orderly orientation of the ecrys- 
tallites with respect to the glass plate than in the case of the synthetic 
compound. 

The methyl-substituted hydrocarbons are sufficiently alike to form solid 
solutions on mixing, and it is possible to prepare artificial mixtures (cf., 
for example, the data for the equimolecular mixture of 3- and 5-methyl- 
tritriacontane given in Tables V and VI), the thermal and x-ray data of 
which are quite close to those of phthiocerane. Conclusive evidence that 
phthiocerane is a 4-methyl-substituted hydrocarbon has been obtained, 
however, from a study of the infra-red absorption spectra of phthiocerane 
and the synthetic hydrocarbons, carried out by Dr. G. B. B. M. Sutherland 
and his collaborators at the Department of Colloid Science, Cambridge, 
England. It was found (27) that hydrocarbons with the methyl side chain 
in different positions could be distinguished by their infra-red absorption 
spectra and that the spectrum of phthiocerane was identical with that of 
the 4-methyl compounds. 

Many of the long normal chain primary alcohols found in natural waxes 
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are mixtures of closely related even numbered homologues (cf. (8)), and 
the wax alcohols of the timothy grass (28), the leprosy (29), and the avian 
tubercle bacillus (30) are the similarly related secondary alcohols (+)-octa- 
decanol-2 and (+)-eicosanol-2. The possibility that phthiocerane is such 
a mixture must therefore be considered. Ginger and Anderson (5) sub- 
jected the hydrocarbon to molecular distillation and found no evidence of 
inhomogeneity. We have studied the behavior of a synthetic mixture of 
3-methyltritriacontane and 3-methylpentatriacontane in the molecular 
still. The mixture used had the same solidification point as pure 3- 
methyltetratriacontane, viz. 64.0°, the two components being present in 
very nearly equimolecular proportions. Recrystallization of this mixture 
from acetone did not change the solidification point. After distilling about 
40 per cent of the material introduced into the still, the distillate was 
collected and crystallized from acetone. The solidification point of the 
material thus obtained was 63.6°. The residue in the still had, after similar 
treatment, a solidification point of 64.3°. The separation effected is suf- 
ficient to show that the possibility that phthiocerane is a mixture of 4- 
methyldotriacontane and 4-methyltetratriacontane in about equal propor- 
tions can be excluded. On the other hand, the detection of a very small 
amount of 4-methylpentatriacontane in 4-methyltritriacontane would be 
rather difficult. About 6 per cent of the higher homologue will raise the 
melting point to that of phthiocerane. 

Another possible cause of the slight differences found between phthio- 
cerane and the synthetic 4-methyltritriacontane may be that the reduction 
of phthiocerol has not resulted in a completely racemized hydrocarbon. 
A small residual optical activity in a compound of this type, which has to 
be examined in dilute solution, might easily escape detection. 


We are greatly indebted to Professor R. J. Anderson for a specimen of 
phthiocerane and for his interest in the work. The microanalyses were 
performed by Mr. W. Kirsten in the microanalytical laboratory of this 
institute. ‘The expenses involved in this work have been defrayed by grants 
from the National Swedish Antituberculosis Association and from the 
Rockefeller Foundation. 


SUMMARY 


In order to settle the question of the constitution of phthiocerane, the 
synthesis of a series of methyl-substituted hydrocarbons, having a total 
of 34, 35, or 36 carbon atoms and with the side chain in position 2, 3, 4, or 5 
from the end of the chain, has been undertaken. 

The crystal structure and the thermal behavior of the hydrocarbons 
are described. In particular, it is found that at room temperature the 
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2-methyl-substituted compounds exist in crystal forms in which the long 
chains are inclined (monoclinic or triclinic forms), while the crystal structure 
of the 3-, 4-, and 5-methyl-substituted hydrocarbons at this temperature is 
the orthorhombic structure found in the case of normal chain hydrocarbons. 
The behavior at high temperature of the branched chain hydrocarbons 
is quite different from that of the latter, however. At 10-15° below the 
melting point the methyl-substituted compounds show a transition to 4 
crystal structure with tilted chains (monoclinic or triclinic form) which per- 
sists up to the melting point. 

Phthiocerane behaves in the manner just described for the 3-, 4-, and 5- 
methyl-substituted hydrocarbons. ‘The x-ray and thermal data as well 
as a comparison of the infra-red absorption spectra show that phthiocerane 
is a 4-methyl-substituted hydrocarbon. The x-ray data are in close agree- 
ment with those of 4-methyltritriacontane, but there are some minor dif- 
ferences in the appearance of the diffraction patterns, and phthiocerane 
melts 0.5° higher than does the synthetic hydrocarbon. Some possible 
causes of these differences are discussed. 
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A COLORIMETRIC REACTION OF CHLORIDE ION* 
By FRANCIS BINKLEY 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Department of Pathology, University of Utah School of Medicine, 
Salt Lake City) 


(Received for publication, December 9, 1947) 


It has been found that the reaction of halogens with certain alkaloids 
in the presence of persulfate may be used for the determination of chloride, 
bromide, and iodide ions. Inthe present report, the determination of chlo- 
ride will be discussed. 


EXPERIMENTAL 


Specificity of Reactions—Several alkaloids were tested for their reaction 
with chloride, bromide, and iodide ions. The test system was as follows: 
From 0.01 to 0.05 milliequivalent of the halogen compound (sodium salt) 
was placed in colorimeter cuvettes. Water was added to make a volume 
of 5 ml. and then 2 ml. of 50 per cent phosphoric acid were added. 1 ml. 
of a 1 per cent solution of the alkaloid (in 5 per cent phosphoric acid) was 
added; the solution was mixed and 0.5 ml. of a 1.0 per cent solution of 
potassium persulfate was added. The tubes were placed in a boiling water 
bath for 30 minutes, allowed to cool at room temperature for 30 minutes, 
and diluted to the original volume. ‘The amount of color development was 
measured at 540 my in a Coleman spectrophotometer, model 6-A. The 
results with brucine, strychnine, and cinchonidine are summarized in 
Table I. 

From the results given in Table I it is seen that chloride cannot be deter- 
mined in the presence of bromide or iodide with brucine alone. It is pos- 
sible, barring interference, to determine chloride in solutions containing 
no bromide or iodide, to determine bromide in the presence of chloride and 
in the absence of iodides, and to determine iodides in the presence of chlo- 
rides and bromides. 

Chloride Mcthod—The method is essentially that given above; a solution 
of brucine is used but the period of heating is extended tol hour. The 
usable range is from about 0.005 to 0.05 milliequivalent (or from 0.1 to 
2.0 mg.) of chloride ion in 5 ml. of sample. With suitable modification and 
small colorimeter cuvettes, the sensitivity can be increased to 0.01 to 0.1 


* These studies were supported by a grant from the United States Public Health 
Service. 
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mg. in 1 ml. of sample. In Fig. 1 the absorption curve as determined with 
the Beckman model DU spectrophotometer is given. The wave-length 


of maximum absorption is in the range of 490 my. 540 mw has been found 
to be a more useful wave-length for measurement. 
Beer’s law is obeyed in the specified range. 


As shown in Fig, 2. 
Theoretical recoveries of 


TABLE | 
Approximate Ratios of Color Development of Halogens with Different Alkaloids 


Samples of 0.01 milliequivalent of the sodium salts were compared, as described 
in the text. 
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Fic. 1. Absorption spectrum of the color developed in the reaction of 0.004 milli 
equivalent of chloride ion with brucine and persulfate. 
Fic. 2. Dependence of color development upon concentration of chloride ion. 


chloride were found for cysteine, arginine, lysine, and histidine hydro- 
chlorides. Other halogens were the only important sources of interference 
encountered. 

Determination of Chloride in Plasma or Serum—The method for the 
determination of chloride has been adapted to the determination of chloride 


in plasma and serum in the absence of bromides. 2 ml. of an ordinary 
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1:10 tungstate or trichloroacetic acid filtrate were used. The protein 
precipitant was added to the standards to compensate for contamination 
with chloride. The colorimetric method was compared with the titrimetric 
method of Schales and Schales.!. The colorimetric method proved to be 
more reproducible than the titrimetric method. In general, however, the 
colorimetric values were about 2 milliequivalents per liter higher than by 
the titrimetric procedure. In a series of 100 determinations covering all 
types of conditions met in the routine laboratory, the colorimetric procedure 
averaged 1.6 milliequivalents per liter higher than the titrimetric procedure. 
The details of the clinical application of the method will be presented else- 
where. 

Bromide Method—I{ strychnine is used as a color reagent, bromide may be 
determined in the presence of chloride. In the absence of chlorides, the 
method in which brucine is used as a color reagent is more sensitive. When 


TABLE II 
Recovery of Bromide in Presence of Chloride 
Chloride was present in amounts equivalent to 100 milliequivalents of chloride 


per liter of plasma. 





Bromide added 3romide recovered Recovery 

m.eq. m.eq. | per cent 
0.010 0.009 | 90 
0.020 0.019 O5 
0.030 0.0381 103 


0.050 0.055 


110 

strychnine is used, a shorter period of heating (15 minutes) is desirable. 
The sensitivity is of the same order as for chloride with brucine as the re- 
agent. Little opportunity has been found to apply the method to biological 
materials but recovery experiments have indicated that bromide in con- 
centrations of from 25 to 200 milliequivalents per liter of plasma may be 
accurately estimated. In Table II, recoveries of bromide in the presence 
of chloride are illustrated. These samples were compared with standards 
containing no added chloride. If chloride was added to the standards to 
approximate the chloride concentration of plasma, theoretical recoveries 
were obtained. 


SUMMARY 


Colorimetric methods for chloride and bromide ions have been described. 
The method for chlorides has been applied to the determination of chloride 
in plasma in the absence of bromide. 


1 Schales, O., and Schales, 8. 8., J. Biol. Chem., 140, 879 (1941). 
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COLORIMETRIC ESTIMATION OF CYSTEINE* 


By KAY NAKAMURA anv FRANCIS BINKLEY 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Depariments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Lake City) 


(Received for publication, December 9, 1947) 


In the preceding paper (1), the application of certain reactions of alka- 
loids to the determination of chloride and bromide ions was described. It 
was found that in the presence of cysteine, in a similar system, but at lower 
temperatures, the reaction was modified so that a blue color was produced. 
The production of the blue color was proportional to the concentration of 
cysteine for a rather wide range of concentrations. In the presence of a 
high concentration of phosphoric acid, color formation with cysteine was 
repressed and, therefore, sulfuric acid was used. Acid concentration was 
found not to be a critical factor as long as uniform conditions were main- 
tained. Since the color produced by cysteine was rapidly destroyed at the 
temperature of a boiling water bath, cysteine did not interfere with the 
determination of halogens. 

The specificity of the method appeared to be somewhat greater than that 
of the reaction of Sullivan and Hess (2). As yet, no extraneous compounds 
or derivatives of cysteine have been found to react. 


EXPERIMENTAL 


Determination of Cysteine in Pure Solution—To amounts of cysteine 
varying from 0.0005 to 0.005 milliequivalent in 5 ml. of solution were added 
0.5 ml. of 50 per cent sulfuric acid, 2 ml. of 1 per cent brucine in § per cent 
sulfuric acid, 0.5 ml. of a 10 per cent solution of glycine, and 0.5 ml. of a 
1 per cent solution of potassium persulfate. The development of color 
was allowed to proceed in a water bath adjusted to 30° for 30 minutes and 
was estimated at 660 my in a Coleman spectrophotometer, model 6-A. 
The data obtained are summarized in Fig. 1. The absorption spectrum of 
asample was determined with a Beckman spectrophometer (model DU) 
and is reproduced in Fig. 2. The wave-length 660 my was selected for 
routine measurements since, at this wave-length the absorption due toa 
reaction with halogens was negligible. 

Specificity of Reaction—The following amino acids were tested and found 
not to influence the reaction when present in concentrations 10 times greater 

* These studies were supported by a grant from the United States Public Health 
Service. 
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than that of the cysteine: alanine, glycine, valine, leucine, histidine, lysine. 
tryptophan, serine, threonine, proline, hydroxyproline, glutamic acid, 
aspartic acid, arginine, tyrosine, phenylalanine, and thyroxine. The list 
of sulfur-containing compounds which were negative includes glutathione, 
cysteinylglycine, homocysteine, methionine, S-benzyleysteine, N-benzoyl- 
cysteine, N-acetylcysteine, thioglycolic acid, hydrogen sulfide, S-methyl- 
cysteine, cystine, and homocystine. Glucose, purines, and pyrimidines 
were not found to interfere. The method was found to be unsuitable in 
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Fic. 1. Dependence of optical density upon concentration of cysteine. The 
measurements were made in a Coleman junior spectrophotometer, model 6-A, at 660 
My. 

Fic. 2. Absorption spectrum of the reaction of cysteine with brucine and persul 
fate. The measurements were made in a Beckman model DU spectrophotometer 
with a solution containing 0.001 mm of cysteine. The results are corrected for the 
absorption of a reagent blank. 


the presence of ascorbic acid, epinephrine, thiourea, and heavy metals 
such as mercury and lead, all of which interfered with color development. 

The method of Sullivan and Hess (2) was compared with the proposed 
method. The reactions with cysteine and characteristic derivatives of 
cysteine are summarized in Table I. 

It is apparent that the reaction of Sullivan is positive for carboxyl-sub- 
stituted derivatives of cysteine, whereas the proposed method is positive 
only with the unsubstituted cysteine molecule. Similar observations on 
the method of Sullivan and Hess have been made by White (3). 
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Determination of Cystine in Pure Solution—After reduction with metallic 
zinc, but not after treatment with sodium amalgam (since heavy metals 
interfere), cystine was determined either alone or in the presence of cysteine. 
To 10 ml. of the solution containing between 0.0001 and 0.001 milliequiva- 
lent of cystine per ml. in 0.1 N HCl were added 50 mg. of zine dust. The 
mixture was placed in a boiling water bath for 30 minutes, cooled to room 
temperature, and diluted to the original volume. The determination from 
this point was identical with the determination of cysteine. If a sample 
treated with zinc and an untreated sample were used, it was possible to 


TABLE I 


Reactions of Method of Sullivan and Hess and Proposed Method with Cysteine and 
Its Derivatives 


————$___—— _ ——$—____—___ —____— $$ 
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| oer | Cysteinyl- S-Benzyl- | N-Benzoyl- 
Method Cysteine glycine cysteine cysteine 
Sullivan ets Be eer oe op | - | — 
Proposed = - = 


TaB.eE Il 
Recovery of Cystine and Cysteine in Mixtures 


The mixture was composed of equal parts of half cystine and cysteine; cysteine 
was used as a standard. 


Cystine, after Zn Cystine + cysteine, 





Amount added treatment Cystine + cysteine after Zn treatment 
mM mM mM mM 
0.00100 0.00105 0.00048 0.00101 
0.00200 0.00200 0.00102 0.00208 
0.00250 0.00246 0.00123 0.00256 
0.00300 0.00301 


0.00151 


estimate cysteine and cystine in the same solution. 


0.00307 


In Table IL sample 


recoveries with solutions and mixtures of cysteine and cystine are given. 
The method has been applied to the estimation of cystine and cysteine 


in hydrolysates of proteins. 


Theoretical values have been found in the 


recovery of cysteine or cystine added to hydrolysates prepared with sulfuric 
acid; these results, together with a comparison of the proposed method with 
other methods for cystine and cysteine in the analysis of proteins, will be 
presented at a later time. 


An application of the method to the determination of cysteine in enzy- 
matic digests is described in the following publication (4). 
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SUMMARY 


A new colorimetric method for cysteine has been described. It appears 
to be a more specific method than those previously described. 
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METABOLISM OF GLUTATHIONE 
I, HYDROLYSIS BY TISSUES OF THE RAT* 


By FRANCIS BINKLEY anp KAY NAKAMURA 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Lake City) 


(Received for publication, December 9, 1947) 


Glutathione is an obvious model for the study of the enzymatic synthesis 
of peptide bonds and, in addition, very little is known of the functions of 
glutathione in the organism. It is, therefore, of some interest to study the 
hydrolysis of this compound by enzymes of animal tissues. Previous 
studies of this problem (1-3) have been handicapped by the lack of adequate 
methods for the identification of the products of the hydrolysis. The 
method for cysteine, described in the preceding report (4), together with the 
method of Sullivan and Hess (5) for the determination of cysteine plus 
cysteinylglycine has been found to provide adequate means for studying 
the hydrolysis of glutathione by tissues of the rat. Amino-substituted 
derivatives of cysteine, such as y-glutamylcysteine, are not measured by 
either method. Schroeder and Woodward (1) have reported earlier that 
y-glutamylceysteine does not react in the method of Sullivan. 


EXPERIMENTAL 


Methods of Analysis—Since cysteinylglycine plus cysteine is measured 
by the Sullivan and Hess method and only cysteine by that of Nakamura 
and Binkley, it was possible to determine cysteinylglycine as the difference 
between the two methods. In Fig. 1 the absorption curves of the reaction 
of cysteine and of cysteinylglycine with the Sullivan reagents are given.! 
It is seen that at 540 my the absorption of cysteinylglycine was identical 
with that of cysteine. Hence, readings taken at 540 mu were a measure of 
cysteine plus cysteinylglycine. 

An alternative method of measurement of cysteinylglycine was apparent 
from the characteristics of the absorption curves in Fig. 1. When two ar- 
bitrary wave-lengths for measurement, one on each side of 540 my, were 
taken (500 and 580 my were selected), it was possible to determine cystein- 

* These studies were supported by a grant from the United States Public Health 
Service. 


1The measurements reported here were made with a Coleman junior spectro- 
photometer, the same instrument that was used in the analysis of the digests. The 
results are illustrative only and are not to be construed as a determination of ab- 
sorption curves of the Sullivan reaction as determined with a precision instrument. 
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ylglycine and cysteine in the presence of each other by the Sullivan method 
alone. The ratios of the optical density at 500 mu to that at 580 mu were 
determined for a wide range of mixtures of cysteinylglycine and cysteine: 
a straight line relationship was obtained (Fig. 2). From measurements of 
optical density made at 500, 540, and 580 mu, it was possible to calculate 
the concentration of cysteine and cysteinylglycine in one sample. From the 
measurement at 540 my, the total of cysteine plus cysteinylglycine was ob- 
tained from a calibration chart prepared with known amounts of cysteine. 
From the ratio of the density at 500 to that at 580 mu, the percentage of 
cysteine was obtained from a chart similar to Fig. 2. 
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Fic. 1. Absorption curve of the Sullivan reaction with cysteine and cysteiny] 
glycine. The upper lines are for a concentration of 5 X 10-4 mm of each substance 
and the lower lines are for a concentration of 2 X 10-4 mm of each substance. The 
solid line and that of the upper curve in the lower pair are absorption curves of 
cysteinylglycine. 


All analyses were made on 2 ml. of a trichloroacetic acid filtrate. The 
concentration of the trichloroacetic acid in the filtrate was 5 per cent. It 
was necessary, for the Sullivan method for cysteinylglycine, to prepare 
a chart similar to Fig. 2 but containing, in each determination, the amount 
of trichloroacetic acid found in the filtrates. The two methods for cys- 
teinylglycine gave good agreement throughout these studies; the results 
reported here as cysteinylglycine are those determined as the difference 
between the methods of Nakamura and Binkley and of Sullivan and Hess. 
Cysteine values are those of the method of Nakamura and Binkley? 


2 If glutathione, in a solution of 5 per cent trichloroacetic acid as in the filtrates, 
was autoclaved at 20 pounds for 30 minutes, an almost quantitative release of cys- 
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Preparation of Homogenates and Extracts—Tissues, from rats killed by 
decapitation, were ground immediately with 10 volumes of saline in a glass 
tissue grinder (Scientific Glass Apparatus Company). ‘This homogenate 
was used without further treatment in those instances designated as homo- 
genate. ‘lo prepare an extract, the homogenate was centrifuged for 
approximately 15 minutes at 3000 r.p.m. The supernatant was used in 
those experiments designated as extract. 
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Fic. 2. Relation of percentage of cysteine to the 500:580 my ratio. Various mix- 
tures of cysteine and cysteinylglycine were prepared and the ratios of density at 500 
my to that at 580 my of the Sullivan reaction of the mixtures were determined. 


In the preparation of the dialyzed extract, the material was placed in 
Visking cellulose casing and allowed to remain in running tap water for 
2 hours. In certain experiments the dialysis was against distilled water 
at 4° for 24 hours. 

The following routine was followed for all work reported here. To 5 ml. 





teinylglycine was obtained. No cysteine was formed. Under similar conditions, 
y-glutamylceysteine should be decomposed to cysteine. This method was used for 
the detection of y-glutamylcysteine. No indication of the presence of y-glutamyl- 
cysteine was obtained in the analysis of filtrates from the hydrolysis of glutathione 
by enzymes of the kidney of the rat. It will be desirable, however, to check results 
by the method with authentic samples of y-glutamylcysteine. 
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of 0.1 M buffer were added 2 ml. of glutathione (5 mg. per ml. except in the 
substrate concentration studies), 2 ml. of enzyme preparation, and water to 
make a total of 10 ml. Metal ions and other materials were dissolved in 
water and added in lieu of water. All solutions were saturated with nitro- 
gen and the digestions were at 30° in stoppered tubes under an atmosphere 
of nitrogen. 4 ml. of the digestion mixture were taken for each analysis 
and were added to a mixture of 5 ml. of water and 1 ml. of 50 per cent 
trichloroacetic acid. ‘The filtrate was used immediately in the analyses; 
it was found unnecessary to reduce before the determinations. The buffer 
called “barbiturate” was made from diethyl barbiturate (veronal). 
Activity of Different Tissues—Only the kidney of the rat was found to 
contain enzymes capable of cleaving glutathione to cysteinylglycine and 


TABLE I 
Hydrolysis of Glutathione by Different Tissues 


Homogenates of the tissues, prepared as described in the text, were tested in 
barbiturate buffer, pH 8.0. The time of incubation was 90 minutes at 30°. 





Cysteinylglycine 


Tissue Cysteine produced produced 





Rat Kidney + “f 
Liver - _ 
Spleen _ — 
Heart - - 
Skeletal muscle - — 
Testicles = — 
Thymus - - 
Pig Kidney (desiccated) — -. 

Pancreas (desiccated) - + 
Duodenum ss _ — 














cysteine. Liver, spleen, muscle, heart, testicles, and thymus were found 
to have no activity (Table I). Desiccated pancreas, but not desiccated 
duodenum, of the pig contained an enzyme capable of cleaving glutathione 
to cysteinylglycine. Grassmann ef al. (6) have reported that oxidized 
glutathione is hydrolyzed to glycine by carboxypeptidase of pancreas. 

Comparison of Different Preparations of Rat Kidney—Homogenates, 
filtrates, and dialyzed preparations from the same kidneys were compared. 
The results are given in Table II. Considerable activity is lost by centrif- 
ugation and a further small loss is found with dialysis. 

Effect of Heating Enzyme Preparation—Samples of dialyzed extract and 
crude extract were heated at 40°, 50°, 60°, and 70° for 15 minutes, cooled to 
room temperature, centrifuged to remove flocculated protein, and tested 
for activity. In Table III the results are given. It is apparent that the 
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activity of the preparation toward cysteinylglycine is more or less selectively 
destroyed by heating. The sensitivity to heat is greater with the dialyzed 
preparation. 

pH-Activity Relationship of Dialyzed Material—Activity of the dialyzed 
preparation was tested at different pH values, from 4.8 to 8.3. At lower 


TaBLe II 
Comparison of Different Preparations of Kidney Tissue 











The different preparations were tested in barbiturate buffer, pH 8.2. Incubation 
was for 90 minutes at 30°. 310 X 10-4 mn of glutathione in each digest. 
Cysteine + 
Preparation Cysteine produced cysteinylglycine 

produced 

mM X 10-4 mM X 10-4 
Homogenate. saat di cavrave sayhcay anes need eee eee 168 243 
Filtrate..... seit dante SR eas Tis gin aie teehee eee 60 212 
Dialyzed filtrate. S19 Siid ssa ela Sete RVR Re ee 48 187 
<3 S heated AGO": :<..s2.caen nee eee 36 137 

















TABLE III 


Heat Inactivation Studies 


The preparation was heated for 15 minutes at the indicated temperature and 


tested in barbiturate buffer, 


pH 8.2. 


310 X 10°-* mm of glutathione present. 


The incubation was for 30 minutes at 30°. 











Preparation | — of Cysteine produced age ga 
| "Ge mM X 10-4 mm X 10-4 

Dialyzed extract... eee. ; Control 50 169 
- ne ergometer Fe 23 40 49 130 

es Ue se aes ere 50 17 104 

: OR Se fea co ae 60 0 0 

$ a eee ee 70 0 0 
Crude extract. . seen Control 98 182 
Pe akon singh ctor eee 40 90 176 

Je TN ie nein amie meth 50 66 169 

ne ick ae ro 60 18 94 

sa a tidiSidles wasdtaccn be ie 70 0 0 














values of pH, the ability to produce cysteine was decreased. The optimum 
conditions for the production of cysteine appeared to be well on the alkaline 
side, toward pH values of 8.0 (Table IV). 

Comparison of Phosphate and Barbiturate Buffers—In the experiments on 
the activity of the dialyzed preparation at different pH values, the buffers 
employed were acetate, phosphate, and barbiturate. At values near pH 
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8.0, the activity, in the presence of phosphate buffer, was much greater 
than with barbiturate buffer (Table V). This apparent activation by 
phosphate is probably due to the removal of calcium ions. As is shown in 
Table V, calcium ions are inhibitory; the inhibition can be removed by the 
addition of phosphate or citrate. 

Effects of Various Metallic Tons—The dialyzed preparation was utilized 
in a study of possible metal activation (Table VI). In confirmation of the 


TaBLe IV 
PH Activity Curve of Dialyzed Extract 
0.1 m buffers were used throughout. The time of incubation was 30 minutes at 
30°. 310 X 10-4 mm of glutathione present. 


pH Buffer Cysteine produced “pcies os : ma 
mM X 1074 mau X 1074 
4.8 | Acetate 0 63 
6.5 Phosphate 33 | 63 
7.0 " 49 | 84 
7.5 is 62 105 
8.0 Barbiturate 29 105 
TABLE V 


Inhibitory Effect of Calcium and Effect of Phosphate Buffer and Citrate 
All digests were in 0.05 m buffer, pH 8.0, with an extract of kidney tissue. The 
time of incubation was 90 minutes at 30°. 310 X 10-4 mm of glutathione present. 


Cysteine + 


oe Digest produced ‘tense 
mM X 1074 mm X 10-4 
I Barbiturate buffer 125 187 
Phosphate buffer 162 212 
II | Barbiturate buffer 162 200 
os “+ 0.01 m CaCl, 75 162 


a ‘« ~+ 0.01 ‘‘ Na citrate 200 200 





above experiments, calcium was found to inhibit the enzyme producing cys- 
teine. Magnesium behaved like calcium; cobalt apparently inhibited both 
enzymes. 

Other Occurrences of Enzyme Hydrolyzing Cysteinylglycine—H the dialyzed 
preparation is heated at 50° for 15 minutes, most, if not all, of the activity 
toward cysteinylglycine is destroyed. The addition of an extract of liver 
tissue restores the activity. The restoration is abolished by heating the 
liver extract at 70° for 15 minutes (Table VII). Similar results were ob- 
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tained with extracts of muscle. The enzyme hydrolyzing cysteinylglycine 
is, therefore, of wider occurrence than the one hydrolyzing glutathione to 
eysteinylglycine. 


TABLE VI 
Effects of Metal Tons 
Incubation was for 30 minutes with a dialyzed extract at 30° in 0.05 m barbiturate 


buffer at pH. 8.2. 310 X 10-4 mm of glutathione present. Metallic ions were added, 
as chlorides, to make a final concentration of 0.001 m. 


Metallic ion Cysteine produced pe aati se 
mM X 10-4 mM X 10-4 
Control] 66 126 
Mg** 33 126 
Cot 4 25 S4 
Mn**. , 68 112 
Car... | 0 126 


TABLE VII 
Effect of Extract of Liver on Glutathione Hydrolysis 
Dialyzed extracts of kidney and liver tissue were used. 1 ml. of liver extract and 
1 ml. of kidney extract, in a total volume of 10 ml., were tested as indicated in 0.05 Mm 
barbiturate buffer, pH 8.2. The time of incubation was 90 minutes at 30°. 310 X 
10-* mm of glutathione present. ‘‘Heated’’ preparations were extracts heated at 
the temperatures indicated for 15 minutes. 


Cysteine + 
Enzyme preparation Cysteine produced cysteinylglycine 
produced 


mm X 1074 mM X 10-4 


Liver extract... 0 0 
Kidney ‘ = 19 245 
Liver ‘ + kidney extract 143 286 
Heated kidney extract (50°) 0 238 
es s oe (50°) + liver extract. 130 2X6 

ee a (50°) + heated liver extract 


(70°) per | 0 287 


Consideration of Kinetics of Hydrolysis—In Figs. 3, 4, and 5 certain 
aspects of the kinetics of the hydrolysis of glutathione to cysteinylglycine 
and cysteine are summarized. The data, summarized in Figs. 3 and 4, 
were characteristic of consecutive reactions. The production of cysteine 
was delayed until the concentration of cysteinylglycine reached apprecia- 
ble levels. The concentration of cysteinylglycine was found to reach a con- 
stant value. The experiments reported in Figs. 3 and 4 were with the same 
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Fic. 3. Hydrolysis of glutathione. 1200 X 10-4 mm of glutathione was incubated 
with a dialyzed extract of kidney tissue in 0.05 m barbiturate buffer, pH 8.2. The 
upper broken line represents the production of cysteinylglycine plus cysteine, the 
production of cysteine is represented by the lower broken line, and cysteinylglycine 
production is represented by the solid line. 
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Fic. 4. Hydrolysis of glutathione. 600 * 10°‘ mm of glutathione was incubated 
with a dialyzed extract of kidney tissue in 0.05 m barbiturate buffer, pH 8.2. The 
upper line represents the production of cysteinylglycine plus cysteine; the production 
of cysteine is represented by the solid line. The lowest line represents the produc- 
tion of cysteinylglycine. 


extract. With the greater amount of substrate (Fig. 3), the concentration 
of cysteinylglycine remained constant for the greater part of the hydrolysis. 
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With less substrate (Fig. 4) hydrolysis was practically complete and, as 
would be expected, the concentration of cysteinylglycine decreased sharply 
as the hydrolysis neared completion. A comparison of Figs. 3 and 4 is 
interesting. It is apparent that higher concentrations of glutathione are 
inhibitory in so far as the formation of cysteine is concerned. 

The data, summarized in Fig. 5, relating the velocity of the hydrolysis 
of glutathione to cysteinylglycine to the concentration of the substrate, 
glutathione, are characteristic of hydrolytic enzymes. At low concentra- 
tions, the reaction was found to follow first order kinetics, changing to 
zero order kinetics at higher concentrations. 
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Fic. 5. Velocity-substrate concentration relationships. Only the values for cys- 
teine plus cysteinylglycine are recorded. Incubation was in 0.05 m barbiturate buffer 
with a dialyzed extract of kidney tissue. Velocity is expressed in mm X 107‘ per 
minute and glutathione concentration is in mm X 1074 per ml. of enzyme in a total 
volume of 10 ml. The broken line represents the results with the dialyzed extract. 
The solid line represents the dialyzed extract with 0.001 1 MgCle. 


The only valid indication for the participation of am inorganic ion was 
obtained from these studies. Previous studies (Table VI) with the sub- 
strate in low concentration, were found to give equivocal results. When 
measurements were made with higher concentration of substrate, it was 
found that at levels of substrate near or greater than saturation additional 
substrate was inhibitory. The inhibition by higher concentrations of sub- 
strate was largely abolished by the addition of magnesium ions. As is 
illustrated in Table VI, magnesium ions were found to be inhibitory in so 
far as the production of cysteine was concerned. The results in Fig. 5 
relate only to the production of eysteinylglycine; the production of cysteine 
was again found to be inhibited by the addition of magnesium ions. 
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DISCUSSION 

The results reported here are preliminary to a purification and detailed 
study of the enzymes responsible for the hydrolysis of glutathione. The 
evidence is compatible with the concept that the hydrolysis of glutathione 
to cysteine is a two-step process involving the intermediary formation of 
cysteinylglycine. In many experiments, quantitative formation of eys- 
teinylglycine was indicated. There was little reason, therefore, to assume 
that appreciable amounts of y-glutamyleysteine were formed. No y- 
glutamyleysteine was detected by a method assumed to be of suitable 
specificity and sensitivity. 

The enzyme responsible for the hydrolysis of glutathione to cysteinyl- 
glycine was found to be more stable to heat and to be active at lower values 
of pH than the enzyme responsible for the hydrolysis of cysteinylglycine. 
In so far as intracellular enzymes are concerned, the enzyme responsible for 
the hydrolysis of glutathione to cysteinylglycine is, in the rat, limited to 
the kidney. The significance of this limited distribution is not apparent. 

The enzyme responsible for the hydrolysis of cysteinylglycine was 
found in muscle and liver as well as in the kidney and probably occurs in 
all tissues. Studies are under way, with cysteinylglycine as the substrate, 
to determine whether this enzyme is identical with any of the previously 
characterized peptidases of tissues. 

Little, if any, clear cut evidence was found for the oecurrence of a dia 
lyzable component of the enzyme system. These results are in sharp dis- 
agreement with those of Neubeck and Smythe (3); these workers utilized 
the liver of the guinea pig as the source of their enzyme and did not dis- 
tinguish the production of cysteine from that of cysteinylglycine. 

Kven though the results of Schroeder and Woodward (1) and of Wood- 
ward and Reinhart (2) are not valid in so far as the production of cysteine 
is concerned, their results from following the formation of glutamic acid 
and pyrrolidonecarboxylic acid are in general agreement with our conclu- 
sions that the first step in the hydrolysis of glutathione by kidney tissue 


is the cleavage at the y-glutamyleysteine linkage.’ 


SUMMARY 


The hydrolysis of glutathione by enzymes found in the kidney of the rat 
has been followed by a combination of methods for the determination of 
cysteine and cysteinylglycine. The observations were found to be com. 


* It has since been found that desiccated kidney tissue of the hog (VioBin Corpora 
tion) does not contain the enzyme responsible for the release of cysteine but does 
contain appreciable amounts of the enzyme responsible for the production of evstein 
yiglyecine. A marked activation with magnesium ions has been observed with this 
preparation. 
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patible with the concept that the hydrolysis to cysteine is a two-step process 
with the intermediary formation of cysteinylglycine. The enzyme re- 
sponsible for the cleavage of glutathione to cysteinylglycine is, in the rat, 
limited to the kidney. The enzyme responsible for the cleavage of cys- 
teinylglycine to cysteine is of much wider distribution. 


oat whore 
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LETTERS TO THE EDITORS 





a-AMINOADIPIC ACID: A PRODUCT OF LYSINE METABOLISM*} 
Sars: 

As part of a study of protein and peptide metabolism lysine was synthe- 
sized with C™ in the e position and resolved into the L and p isomers. 10 
mg. of labeled lysine dihydrochloride (either t- or D-) and 0.66 gm. (wet 
weight) of guinea pig liver homogenate were added to a reaction mixture 
containing 1.3 per cent of an amino acid mixture corresponding to the com- 
position of casein except for lysine and 0.01 mM a-ketoglutarate, all in a final 
volume of 4 ml. of isotonic saline solution.! The reaction was carried out 
under oxygen for 6 hours at 38°. 

After precipitation of the proteins by boiling at pH 5.0, a fraction of the 
non-protein filtrate was chromatographed on filter paper.2 Ninhydrin 
gave a lysine spot which was radioactive and another radioactive spot in 
the glutamic acid region. This indicated the presence of a dicarboxylic 
a-amino acid different from glutamic acid, since to obtain glutamic acid 
from the labeled lysine would entail removing the radioactive e-carbon. 

The chromatographic behavior of this radioactive substance on filter 
paper and on Lloyd’s reagent suggested, in view of the source of the C™, 
that the unknown substance might be a-aminoadipie acid. Accordingly 
the latter was synthesized; it gave the same filter paper chromatogram as 
the unknown. 

Radioactive a-aminoadipie acid (probably mixed with glutamic acid) 
was isolated from the reaction mixture as a barium salt by the following 
procedure. After hydrolysis of the non-protein filtrate with hydrochloric 
acid and chromatography on Lloyd’s reagent,’ whereby the hexone bases 
were removed, the non-basic amino acid fraction was precipitated with 
barium from 75 per cent ethanol. The barium was removed from the pre- 
cipitate, and the dicarboxylic acids again precipitated with barium. 99 
per cent of the radioactivity originally present in the fraction was found in 

* This work is a part of that done under contract with the Office of Naval Research, 
United States Navy Department. 

t The C"4 used in this investigation was supplied by the Monsanto Chemical Com- 


pany, Clinton Laboratories, and obtained on allocation from the United States Atomie 
Energy Commission. 

1 Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 171, 363 (1947). 

* Consden, R., Gordon, A. H., and Martin, A.J. P., Biochem. J., 38, 224 (1944). 

* Bergdoll, M. S., and Doty, D. M., Ind. and Eng. Chem., 18, 600 (1946). 
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this barium precipitate. The barium was again removed, and a fraction 
obtained by erystallization from 20 per cent hydrochloric acid was washed, 
dried, and then chromatographed on filter paper. One strong spot was 
obtained with ninhydrin in the same position as that of the original wn- 
known; it contained all the estimated amount of radioactivity. Two other 
very faint spots were obtained, one of which corresponded to aspartic acid, 
the other to alanine or threonine; neither had radioactivity. ‘There was no 
lysine spot, nor was there any radioactivity in the region of the lysine spot, 

The above evidence is conclusive, short of isolation of the compound, that 
lysine is deaminated in the e position to a-aminoadipic acid. 

The following evidence showed that the process is an enzymatic one and 
added to the proof that the radioactivity did not come from contamination 
by the labeled lysine originally added. The dicarboxylic acid fraction 
contained no radioactivity when the homogenate was first boiled; much 
more radioactivity was found when the reaction was carried out at pH 7.5 
than at 8.2 and with the L than with the p form of lysine. The activity 
found with the latter may be due entirely to the presence of a small amount 
(10 per cent or less) of the L form remaining after resolution. 

Under our best conditions so far 1 y of lysine is converted to a-amino- 
adipic acid per 10 mg. (dry weight) of guinea pig liver homogenate per hour. 

In an accompanying communication evidence is presented that lysine is 
converted to a-aminoadipic acid in rat kidney slices. Dr. H. K. Mitchell 
kindly tested the ability of synthetic pL-a-aminoadipie acid to replace 
lysine in a Neurospora lysineless mutant. It was able to do so.4 


William G. Kerckhoff Laboratories Henry Borsook 
of the Biological Sciences Ciara L. DEAsy 
California Institute of Technology A. J. HAAGEN-SMIt 
Pasadena GEOFFREY KEIGHLEY 


PETER H. Lowy 


Received for publication, January 17, 1948 


4 Mitchell, H. K., and Houlahan, M. B., unpublished observation. 
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a-AMINOADIPIC ACID IN ARGININE FORMATION* 
Sirs: 

In a previous study we had shown that arginine may be synthesized by 
the transfer of the amino group of glutamic or aspartic acid to citrulline.! 
Since lysine was also active, it was suggested at the time that it was first 
converted to glutamic acid which then aminated citrulline. However, 
experiments in liver homogenate with lysine labeled in the ¢ position with C™ 
showed that a radioactive dicarboxylic acid was formed. This excluded 
glutamic acid formation by oxidative removal of the radioactive carbon. 
a-Aminoadipic acid has now been shown to be very probably the product of 
the reaction.” a-Aminoadipic acid has been shown to be active in trans- 
amination by Braunstein,’ who interpreted our results with lysine as being 
due to its conversion to this dicarboxylic acid. 


Approximately 10 mg. (fresh weight) of rat kidney slices in 4 ml. of Krebs’ bi- 
carbonate Ringer’s solution; 22 mg. per cent of citrulline in each vessel. Tempera- 
ture, 38°; time, 1 hour. 


: ‘ Increase in arginine, mg. per gm. 
Metabolite fresh tissue per hr. 


pirclutamie Seid (1825 tie. Ge). n.d ccewed ae neces seks 1.9 


pL-a-Aminoadipic acid (20 mg. %).................. Shy? 0.9 


pi-Lysine dihydrochloride (27.5 mg. %)................ 0.3 


The experiment presented in the table shows that a-aminoadipic acid can 
aminate citrulline, and that the relative reaction rates are compatible with 
the hypothesis that lysine is converted into a-aminoadipic acid. 


William G. Kerckhoff Laboratories Jacos W. DuBNOFF 
of the Biological Sciences Henry Borsook 
California Institute of Technology 
Pasadena 


Received for publication, January 17, 1948 








*This work was part of that done under contract with the Office of Naval 
Research, United States Navy Department. 

1 Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 141, 717 (1943). 

2 Borsook, H., Deasy, C. L., Haagen-Smit, A. J., Keighley, G., and Lowy, P. H., 
J. Biol. Chem., 178, 423 (1948). 

’ Braunstein, A. E.,in Anson, M. L., and Edsall, J. T., Advances in protein chem- 
istry, New York, 3, 40 (1947). 
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THE SPONTANEOUS CONVERSION OF CRYSTALLINE TETANAL 
TOXIN TO A FLOCCULATING ATOXIC DIMER* 


Sirs: 


It has been noted in this laboratory that crystalline tetanal toxin! upon 
standing at 0° in neutral isotonic salt solutions rapidly loses toxicity with 
no loss in its flocculating power with tetanal antitoxin. Dipolar ions such 
as glycine greatly retard this spontaneous detoxification. Tetanal toxin, 
recrystallized four times, is electrophoretically homogeneous and acts as a 
single substance in the flocculation reaction. In constant solubility deter- 
minations, at least 95 per cent of the material behaves as a solid phase con- 
sisting of one component. After standing for 10 days at 0°, 75 per cent of 
the toxicity was lost and the homogeneity of the solution as determined 
by constant solubility? was markedly altered. Fully 50 per cent of the 
material showed a decreased solubility in 1.4 M ammonium sulfate at pH 7 
and the solution appeared to contain two molecular species. In the ultra- 
centrifuge from 55 to 60 per cent of the molecules had a sedimentation con- 
stant of 7, and the remaining molecules sedimented at 4.58. Small samples 
of equal volumes were recovered from the top and bottom of the analytical 
cell. Immunological analysis of these samples revealed that the top frac- 
tion, containing only molecules sedimenting at 4.5 S, possessed 90 per cent 
of the total toxicity of the solution. The bottom fraction, consisting of both 
molecular species, contained less than 10 per cent toxin. Toxicity of this 
low magnitude in the bottom fraction was unexpected and studies are being 
undertaken to determine the cause. The bottom fraction contained at 
least 60 per cent of the total flocculating units of the solution, and floccu- 
lated readily with antitoxin at a Kf of 20 minutes when tested against 50 
units of antitoxin. The remaining flocculating units were present in the 
“light”’ fraction and this material had a Kf of 10 minutes. 

These results suggest that crystalline tetanal toxin spontaneously con- 
verts to a flocculating atoxie dimer. It is unknown whether the above 
phenomenon enters into the detoxification of tetanal toxin by formaldehyde. 
It has been postulated® that formaldehyde causes condensation of toxin 
molecules during detoxification. However, highly purified diphtherial 
toxin‘ (assuming that it had not converted to toxoid prior to analysis) and 


* Aided by a grant from Lederle Laboratories Division, American Cyanamid Com- 
pany. 

1 Pillemer, L., Wittler, R. G., and Grossberg, D. B., Science, 103, 615 (1946). 

* Northrop, J. H., J. Gen. Physiol., 25, 467 (1942). 

3 Eaton, M. D., Bact. Rev., 2, 3 (1938). 

‘ Pappenheimer, A. M., Jr., J. Biol. Chem., 120, 543 (1937). 
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pure diphtherial toxoid’ both have the same sedimentation constant of 
4.68. 


Work is in progress to determine the mechanism of this reaction and its 
possible réle in the formation of toxoids, and to ascertain whether this 
phenomenon is characteristic of tetanal toxin or whether it is common to all 
bacterial toxins. 


Institute of Pathology 
Western Reserve University 
Cleveland 

Electrophoresis Laboratory Dan H. Moorg 
College of Physicians and Surgeons 
Columbia University 
New York 


Louis PILLemeR 
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GLYCINE AS A PRECURSOR OF PURINES IN YEAST 
Sirs: 


It has been demonstrated by the work of Sonne, Buchanan, and Delluva! 
and of Shemin and Rittenberg’ that glycine is utilized for uric acid synthesis 
in both pigeon and man, and occupies positions 4,5,and7. If all purine syn- 
thesis follows the same course, one would expect glycine to appear in the 
nucleic acid purines. ‘The experiments reported here indicate that in yeast 
glycine is used for the synthesis of nucleic acid purines in the same manner 
as for uric acid synthesis in humans and pigeons. 

Yeast Growth—To approximately 80 gm. wet weight of actively growing 
Torulopsis utilis in 2 liters of modified Williams’ solution® were added 374 
mg. of glycine containing 32 atom per cent excess N, and growth was al- 
lowed to continue for 1 hour. 


Glycine N in Nucleic Acid Purines 


Compound Atom per cent excess N15 
Adenine . PS ee iL hea ee 0.428 
Guanine ree? set atelier ie 0.490 


Glycine (from guanine) : Pee: : 0.858 


Purine Extraction—The yeast was fragmented by mechanical vibration 
with glass beads' and extracted with boiling alcohol-ether (3:1). After 
being dried in vacuo, 17.4 gm. of dry yeast were obtained. This yeast 
powder was washed with cold 0.05 m of HCl and then dissolved in 0.1 m of 
NaOH. ‘Trichloroacetic acid was added to 5 per cent, and the polynucleo- 
tides of the yeast were extracted and hydrolyzed by heating the solution to 
90° as described by Schneider.’ After being filtered, the solution was re- 
fluxed 1 hour with | m HCl, and then made alkaline with ammonia. The 
purines were precipitated with ammoniacal AgNO;. Following decomposi- 
tion of the washed silver salts with hot dilute HCI, guanine was precipitated 
by adjusting the pH to 5.5 and purified by several reprecipitations. Ade- 
nine was precipitated from the mother liquor with 8-naphthalenesulfonie 
acid and recrystallized from an alcohol-ether mixture. 

Degradation—Glycine containing the nitrogen atom in position 7 was 


1 Sonne, J.C., Buchanan, J. M., and Delluva, A. M., J. Biol. Chem., 166, 395 (1946). 
?Shemin, D., and Rittenberg, D., J. Biol. Chem., 167, 875 (1947). 

’ Sperber, E., Ark. Kemi, Mineral. o. Geol., 21 A, No. 3 (1945). 

‘Hammarsten, E., Acta med. Scand., suppl. 196, 634 (1947). 

’ Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 
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isolated from the guanine by the method of Wulff.6 100 mg. of guanine 
were heated in a sealed tube with 7 ml. of concentrated HCl at 200° for 18 
hours. Glycine was separated as the p-toluenesulfonyl derivative. After 
two recrystallizations from water, the melting point was 147-148°. 

The results of the mass spectrometer analyses are shown in the table. If 
one assumes symmetrical distribution of N™ in positions other than 7, the 
average atom per cent excess N” for nitrogen atoms 1, 3, and 9 will be 0.398 
as compared with 0.858 for position 7. Thus glycine plays the same réle in 
the synthesis of nucleic acid purines of yeast as it does in the formation of 
uric acid in the pigeon and in man. 


Chemistry Department RicHarp Aprams’ 
Karolinska Institutet E1InAR HAMMARSTEN 
Stockholm, Sweden Davib SHEMIN 
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6 Wulff, C., Z. phystol. Chem., 17, 473 (1893). 
7 Fellow of the Donner Foundation, 1946-47. Present address, Institute of Radio- 
biology and Biophysics, University of Chicago, Chicago 37, Illinois. 








Line 
r 18 
fter 


If 
the 
398 
e in 
n of 


TEN 


\dio- 


COZYMASE AS A PART OF THE HEPATIC ESTROGEN- 
INACTIVATING SYSTEM* 


Sirs: 


Although liver slices are able to inactivate natural estrogens, liver mince 
has been found to be inefficient and unpredictable.2 Similarly, almost all 
preparations of rat liver mince tested in this laboratory inactivated a-estra- 
diol only to a slight degree in comparison with slices prepared from the 
identical livers. The best of the active minces only approached the activity 
of the least active preparation of slices. 














No. ns | a-Estradiol | Liver slices bs er ae aac spies Cozymase | | Uterine wig, 
| Y | még. | mg. | ce. | mg. mg mg. 
25 0 | oe ft Biers 0 | 22.4 
8 0 | 50 a eae & 0 | 19.8 
38 0 | 0 | 40 0 | 0 0 | ae 
4 | 038 | Oo eo | 4 | 0 0 | 87.5 
7 | +08 | 50 | 0 | 0 0 0 | 35.4 
24 0.3 | 0 | 50 | O 0 0 | 74.8 
2 | Oo8 | 8 | @ | 6 1.5 0 | we 
133 | 0.3 Oo | @ bote |-6 0 | 39.4 
15 0.3 0 | 650 0 | 0 0.15t+ | 29.8 
8 | 08 0 | 650 0 | 0 0.15f | 68.4 


| 





. * Cont: 1ining 60 per cent : diphosphopy ridiine nucleotide. 
+ Cozymase mixed with a-estradiol and then added to the mince. 
t Cozymase added 30 minutes before the a-estradiol. 


This suggested that one of the participating materials is unstable in a 
broken cell preparation and might be enzyme-labile. Accordingly, livers 
were sliced into hot physiologic saline, then boiled for 10 minutes, and the 
supernatant added to a mince preparation. When enough of this super- 
natant was added to liver mince, in each instance the mince inactivated a- 
estradiol to the same extent as did the slices from the same liver. It was 
suspected that cozymase (diphosphopyridine nucleotide) was the heat- 
stable component in the supernatant, since cozymase is rapidly inactivated 
in liver mince.’ Recent evidence indicates that cozymase is involved in the 

*This work was done under a grant from the American Cancer Society on 
the recommendation of the Committee on Growth of the National Research Council. 


1 Heller, C. G., Endocrinology, 26, 619 (1940). Twombly, G. H.,and Taylor, H.C., 
Jr., Cancer Res., 2, 811 (1942). 

* Zondek, B., Genital functions and their hormonal regulation, Baltimore (1941). 

3Mann, P. J. G., and Quastel, J. H., Biochem. J., 35, 502 (1941). Handler, P., 
and Klein, J. R., J. Biol. Chem., 143, 49 (1942). 
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hepatic inactivation of testosterone.’ A commercial preparation of 
cozymase which was said to be free of coenzyme II and flavin-adenine- 
dinucleotide (Schwarz Laboratories, Inc., lot CO-4704) and of 60 per cent 
purity was tested. When this cozymase was added to liver mince 30 min- 
utes before a-estradiol, the mixture failed to inactivate the estrogen. Co- 
zymase added to this mince simultaneously with the estrogen enabled it to 
inactivate the a-estradiol as well as the slices from the same liver. Mince 
prepared from fresh liver in a solution of 0.1 per cent nicotinamide (which 
protects cozymase) was also as active as slices from the same liver. 

The accompanying table gives average values from several experiments, 
The materials were incubated by shaking in a water bath at 37.5° for | hour 
and tested for estrogenic activity according to the method of Lauson ef als 
The results are expressed as the average uterine weight of the recipient rats. 

It therefore appears that the heat-stable component of the hepatic 
enzyme system for estrogen inactivation is cozymase. 


Departments of Phystology, Medicine, Biochemistry, Ricuarp L. Copprepcr 
and Chemistry, Tulane University School ALBERT SEGALOFF 
of Medicine and the Alton Ochsner HERBERT P. SARE?rrT 
Medical Foundation AARON M. ALTscuuL 


New Orleans 


Received for publication, January 16, 1948 





4 Sweat, M. L., and Samuels, L. T., J. Biol. Chem., 178, 433 (1948). 
5 Lauson, H. D., Heller, C. G., Golden, J. B., and Sevringhaus, E. L., Endocrinol 
ogy, 24, 35 (1939). 
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DIPHOSPHOPYRIDINE NUCLEOTIDE AS AN ESSENTIAL 
FACTOR IN THE METABOLISM OF TESTOSTERONE 
BY THE LIVER* 


Sirs: 


The enzymic destruction of testosterone by the liver tissue of various 
species of animals has been previously reported from this laboratory.’ It 
was shown that oxidation is directly or indirectly involved in this process. 
Chicken liver converts testosterone largely to 17-ketosteroids. These are 
not ordinarily found as products of testosterone metabolism in rat liver.’ 
Since rat liver will destroy 17-ketosteroids formed by chicken liver, it has 
been postulated that the rat liver contains both the enzyme systems 
found in chicken liver and an additional system which destroys the 17- 
ketosteroids. 











} | 
Substrate Concentration 3 Tn ys aaa 
: - a) o - ly per gm. per hr 9 per gm, per hr. 
Succinate eer 0.05 107 | 105 
PVYPOVSUC 555 6 Ca aes 0.05 119 | 126 
Adenosine-5-phosphate . . een Niien 0.001 126 | 125 
Citrate... TE ee ce 0.001 269 111 
DPN .. eee oe Aravetfisialele toe na eats 0.001 209 lll 
| 





Nicotinamide. .. sgudqcatsleve Ria Meee 0.04 | 228 125 


Using the methods previously described,” we have studied the effect of 
various hydrogen carriers and substrates on the rate of destruction of testos- 
terone by minced liver tissue. Thus far the only active compounds have 
been diphosphopyridine nucleotide and citrate. The effect of these com- 
pounds on the destruction of testosterone is shown in the table. 

The importance of the rdle of DPN in the destruction of testosterone is 
also shown by the fact that the addition of nicotinamide to the incubation 
medium as an inhibitor of diphosphopyridine nucleotidease also consider- 
ably increases the destruction of testosterone by normal rat liver tissue. 
The effects are not due to the general acceleration in tissue metabolism, 


* This investigation was fided by grants from Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey, The International Research Division of the Donner Founda- 
tion, Philadelphia, Pennsylvania, and the Medical Research Fund of the University 
of Utah. 

1 Samuels, L. T., and Pottner, M., Federation Proc., 6, 287 (1947). 

2 Samuels, L. T., McCaulay, C., and Sellers, D. M., J. Biol. Chem., 168, 477 (1947). 

$ Samuels, L. T., J. Biol. Chem., 168, 471 (1947). 
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since a number of the other substances added increase the oxidative respira- 
tion oi the tissue as much or more than DPN. 

Since a large portion of the additional testosterone destroyed when DPN 
is added appears as 17-ketosteroids, it would seem that DPN acts differen- 
tially on the first portion of the postulated two-step system. The inter- 
mediate 17-ketosteroids are produced so rapidly that a significant concen- 
tration accumulates. The increased concentration of the intermediate 
then increases the rate of its destruction in the second phase of the reaction. 

The discovery of diphosphopyridine nucleotide as an important factor in 
the destruction of testosterone by rat liver tissue not only indicates the 
specific enzymic nature of the reaction, but gives additional support to the 
hypothesis of the stepwise breakdown involving the intermediate formation 
of 17-ketosteroids. 

Citrate speeds up the destruction of testosterone without production of 
17-ketosteroids. It, therefore, appears to act through a different enzyme 
system. Here again the effect appears specific, and it is not due to depres- 
sion of calcium ion since addition of the latter does not affect the rate of 
reaction. 


Department of Biochemistry Max L. Swear 


University of Utah School of Medicine Leo T. SaMvuets 
Salt Lake City 
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ON THE INTERACTION OF AVIDIN AND OLEIC ACID 
Sirs: 


Under appropriate conditions, oleic acid replaces biotin for several lactic 
acid bacteria.!: 2, This growth-promoting action of oleic acid is not nullified 
by excess avidin for Streptococcus faccalis R? or for several other organisms 
(Table 1). Egg white did, however, block utilization of oleic acid by Lacto- 
bacillus arabinosus (Table 1). This result is obtained whether oleic acid is 
added alone, as Tween 80, or as the free acid with Tween 40. Purified 
samples of ovalbumin, conalbumin, and lysozyme were ineffective in pre- 
venting utilization of oleic acid. Purified avidin (3500 units per gm.) was 























TABLE I 
| L. arabinosus | L. cases | L, delbrueckii | L. mesenteroides 
= 
Sitisins te 0068 08 | Galvanometer readings” 
ag eae ee 3 
— | 0.5 ce. di- | 0.5 ce. di- 0.5 cc. di- | 0.5 cc, di- 
| luted egg luted egg luted egg | luted egg 
lwhite per 10 white per 10 sie | sas " white per 10 
| cet ce. | | cc, 
ee j - see 
None 90 |; 100 | 80 95 | 9 | 75 97 
Biotin, 10 my | 28 | 100 35 | a 46 | a | 53 97 
Tween80,10mg. | 37 | 100 21 | 22 52 45 | 55 | 48 











The basal medium and culture technique were those described previously.” 

*Per cent of incident light transmitted. The uninoculated medium was set at 
100 per cent light transmission. 20 hour readings for L. arabinosus and L. delbrueckii; 
other readings at 48 hours. 


t Prepared by adding 10 ce. of fresh egg white to 90 cc. of sterile, 0.9 per cent 
sodium chloride solution. 


effective. Furthermore, the oleic acid “inactivating” potencies of raw egg 
white and of avidin were directly proportional to the biotin-binding activi- 
ties of the two preparations. 0.1 y of the purified avidin, sufficient to com- 
bine with only 0.2 my of biotin, nullified the growth-promoting action of 50 
y of oleic acid. Thus interaction of avidin with oleic acid cannot be 
stoichiometric, as is that with biotin.? The possibility that growth-promot- 
ing effects of oleic acid for this organism may depend upon traces of biotin 
present as an impurity appears ruled out by several independent lines of 
evidence. For example, growth promotion by oleic acid is not prevented 


1 Williams, V. R., and Fieger, E. A., J. Biol. Chem., 166, 335 (1946). 
? Williams, W. L., Broquist, H. P., and Snell, E. E., J. Biol. Chem., 170, 619 (1947). 
* Eakin, R. E., Snell, E. E., and Williams, R. J., J. Biol. Chem., 140, 535 (1941). 
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by concentrations of the biotin analogue, y-(3 ,4-ureylenecyclohexy!)-buty- 
ric acid, sufficient to prevent the action of biotin (Table IT). 


TaBLeE II 


. Oleic aci Bioti 
7-(3,4-Ureylenecyclo- eic acid hye 
hexyl)-butyric acid, y per 


10 cc. + per 10 ce. Galvanometer my per 10 cc. Galvanometer 


readings* readings* 
0 Q 90 0 90 
0 50 66 | | 58 
300 50 70 | 70 
1000 50 67 l 94 


* 24 hour readings; test organism, L. arabinosus. 


The close physiological relationship between oleic acid and biotin indi- 
cated by their common effect upon growth is further emphasized by the 
ability of avidin to nullify the effect of each compound. The mechanism 
of its action, in this instance, is unknown. 


Department of Biochemistry Harry P. Broguist 
College of Agriculture Esmonp E. SNELL 
University of Wisconsin 
Madison 
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THE EFFECT OF GROWTH ON THE INCORPORATION OF 
GLYCINE LABELED WITH RADIOACTIVE CARBON 
INTO THE PROTEIN OF LIVER HOMOGENATES* 

Sirs: 

It has been established in recent years that the proteins of the body are 
in a continuous state of flux, constantly undergoing both synthesis and 
breakdown.' It follows from this concept that growth can result either 
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Fic. 1. Uptake of C'4-methylene-labeled glycine by proteins of homogenates of 
rat liver as a function of body weight. The highest point on the left side of the graph 


represents whole embryo homogenate. 


from an acceleration of protein synthesis or an inhibition of protein decom- 
position. Rittenberg and Shemin, from unpublished experiments on thie 
rate of protein formation in regenerating liver, concluded that, “Growth is 
the result of an inhibition rather than the initiation or acceleration of reac- 


* Aided by grants from the American Cancer Society (recommended by the Com- 
mittee on Growth of the National Research Council) and the National Cancer Insti- 
tute, United States Public Health Service. 

1 Schoenheimer, R., The dynamic state of body constituents, Cambridge (1942). 
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tions.” Our interpretation of experimental data to be reported below is 
entirely to the contrary; namely, growth of tissues is the result of increased 
activity of protein synthesis. 

The effect of growth was studied by determining the uptake of C" from 
methylene-labeled glycine by the proteins of liver homogenates. Animals 
at various stages of development were used; 250 mg. of liver were removed 
and homogenized in a synthetic medium.’ Details of the experimental pro- 
cedures will be published later. The protein was collected on filter paper, 
dried at 100°, weighed, and its radioactivity determined. The results are 
expressed in Fig. 1, from which it can be seen that the rate of incorporation 
of the label into the protein is strikingly high in the fetus, as contrasted with 
the adult animal. The rate of synthetic activity decreases rapidly in early 
life and more slowly as maturity is approached. 


Division of Biochemistry Fe.ix FRIEDBERG! 
University of California Medical School Martin P. ScHULMAN 
Berkeley Davip M. GREENBERG 
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2 Rittenberg, D., and Shemin, D., in Green, D. E., Currents in biochemical] re- 
search, New York, 272 (1946). 

3 Friedberg, F., Winnick, T., and Greenberg, D. M., J. Biol. Chem., 171, 441 (1947). 

4 United States Public Health Service Senior Research Fellow, 1947-48. 





